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Outline 

• Background 

 

• Part 1:  Initiation of Hypoxia in the Maryland 
Tributaries (by Isaac Irby) 

 

• Part 2:  Overview of Tributary Hypoxia 
dynamics   

   (by Harry Wang) 
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Focus of Project  

• Is hypoxia initiated within the individual 
Maryland tributaries, or is it advected in from 
the main stem of the Chesapeake Bay? 
– Look at hypoxia initiation date and duration 

characteristics using CBP WQ monitoring data 

 

 

     Hypoxia is typically initiated within the 
individual tributaries.  
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Outline  

• Time & Space Interpolation 
 

• Initiation Dates 
– Potomac 

– Patuxent 

– Patapsco 
 

• Correlation with Spring  

 River Flow 

 

• Future Modeling Options 
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Interpolation: Initiation Date 
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Interpolation: Initiation Date 
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Initiation Indices 

Potomac 
Patuxent 
Patapsco 

In
it

ia
ti

o
n

 In
d

ex
 (

D
ay

s)
 

Trib
u

tary 
 In

itiates First 
M

ain
 Stem

  
In

itiates First 

- Patapsco and Patuxent initiate at about the same time as main stem 
on average. Potomac consistently initiates earlier than main stem.  
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- Tributary stations initiate before main stem.  
Year Day 2000 
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Patuxent 
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CB5.1 

CB5.1W 

LE1.4 

LE1.3 

LE1.2 

LE1.1 

Year Day 2000 

Main Stem 

Up Stream 

15 



Patuxent 
B

o
tt

o
m

 D
O

 C
o

n
ce

n
tr

at
io

n
 (

m
g

/L
) CB5.1 

CB5.1W 

Year Day 2000 

16 



Patuxent 
B

o
tt

o
m

 D
O

 C
o

n
ce

n
tr

at
io

n
 (

m
g

/L
) CB5.1 

CB5.1W 
LE1.4 

Year Day 2000 

17 



Patuxent 
B

o
tt

o
m

 D
O

 C
o

n
ce

n
tr

at
io

n
 (

m
g

/L
) CB5.1 

CB5.1W 
LE1.4 
LE1.3 

Year Day 2000 

18 



Patuxent 
B

o
tt

o
m

 D
O

 C
o

n
ce

n
tr

at
io

n
 (

m
g

/L
) CB5.1 

CB5.1W 
LE1.4 
LE1.3 
LE1.2 

-Mid-tributary stations are first to initiate  
-Spatial separation from main stem 

Year Day 2000 

19 



Patuxent 
B

o
tt

o
m

 D
O

 C
o

n
ce

n
tr

at
io

n
 (

m
g

/L
) CB5.1 

CB5.1W 
LE1.4 
LE1.3 
LE1.2 
LE1.1 

-Mid-tributary stations are first to initiate  
-Spatial separation from main stem 

Year Day 2000 

20 



Patuxent 
B

o
tt

o
m

 D
O

 C
o

n
ce

n
tr

at
io

n
 (

m
g

/L
) CB5.1 

CB5.1W 
LE1.4 
LE1.3 
LE1.2 
LE1.1 
RET1.1 

-Mid-tributary stations are first to initiate  
-Spatial separation from main stem 

Year Day 2000 

21 



Patapsco 
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-Trajectories for both stations are consistently similar. 
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Local Initiation Summary 

• Potomac initiates before main stem 

– Evidence for post-initiation advection 

• Patuxent and Patapsco initiate at the same 
time as their associated main stem station 

– Patuxent exhibits duration characteristics that are 
distinct from the main stem  

– Patapsco exhibits duration characteristics that are 
similar to the main stem 
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Correlation with Spring River Flow 
In

it
ia

ti
o

n
 In

d
ex

 (
D

ay
s)

 

Potomac 
Patuxent 
Patapsco 

p = 0.036 
 
 
p = 0.037 
 
 
p = 0.042 
 

Spring Flow (m3/s) x104   x103   x103 
 

-Spring defined as Feb-May 
-Patapsco contains flow south of Susquehanna, north of Patuxent 

Tr
ib

u
ta

ry
 

 In
it

ia
te

s 
Fi

rs
t 

M
ai

n
 S

te
m

  
In

it
ia

te
s 

Fi
rs

t 

25 



Conclusions (Part 1)  

• Hypoxia is initiated locally in the tributaries 

• High spring flow tends toward earlier relative 
main stem initiation 

– High flow may cause early initiation in main stem 

• Nutrients 

• Stratification 

 

– Does advection from the main stem play a larger 
role in high flow years? 
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Future Modeling Options 

• Perform model scenario runs to determine the 
influence of the main stem on tributary 
hypoxia 

– Full model run 

– Turn off biological attributes in the tributaries 

– Turn off biological attributes in the main stem 

– Compare the simulations to better understand the 
influence of low DO main stem waters on DO in 
the tributaries.  
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Overview of Tributary hypoxia dynamics  

• Primarily controlled by bottom water movement of the 
estuarine gravitational circulation (Kuo and Neilson, 
1987; Boicourt, 1992) 
 

• Primarily controlled by Local pelagic and benthic 
processes in the middle estuary (Testa and Kemp, 
2008). 
 

• Internal respiration is sufficient to drive tributary 
hypoxia, but exchange of OM between Bay and 
tributaries is significant and cannot be discounted 
(Samuel Lake, 2013, and Lake and Brush, 2013)  
 

 
 
 
 

 

Part 2 
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“Analysis of the oxygen 
budgets in these estuaries 
(James, York, and 
Rappahannock) indicates 
that the variation in the 
frequency, duration , and 
severity of hypoxia are 
related to the net 
movement of bottom 
waters” 
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Table  
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“Pelagic and benthic processes 
were most tightly linked in the 
middle estuary, which is highly 
productive and does not interact 
strongly with adjacent waters”. 
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Analysis from the fundamental equation for DO 

 

 

 

 

Where  
PNx = preference for ammonium uptake by algal group x (0 ≤ PNx ≤ 1) 
AONT = mass of DO consumed per unit mass of ammonium nitrogen nitrified (4.33 g O2 per gN)  
Px = primary production for species x 
AOCR = dissolved oxygen-to-carbon ratio in respiration (2.67 g O2 per g C) 
Kr = reaeration coefficient (day-1), applied to the surface layer only 
DOs = saturation concentration of dissolved oxygen (g O2 m-3) 
SOD =sediment oxygen demand (g O2 m-2 day-1), applied to the bottom layer only;  
a direction of positive is towards the water column 
WDO = external loads of dissolved oxygen (g O2 day-1) 
  

Where  
DO= Dissolved oxygen concentration of a water quality state variable 
u, v, w = velocity components in the x-, y- and z-directions, respectively 
Kx, Ky, Kz = turbulent diffusivities in the x-, y- and z-directions, respectively 
Sc = internal and external sources and sinks per unit volume. 
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Kinetic processes Included in Equation (2) 
are:  

(2)-a. algal photosynthesis and respiration 
(2)-b. nitrification 
(2)-c. heterotrophic respiration of dissolved organic carbon 
(2)-d. oxidation of chemical oxygen demand 
(2)-e. surface reaeration for the surface layer only 
(2)-f. sediment oxygen demand for the bottom layer only 
(2)-g. external loads 

Transport processes included in Equation (1) 
are:    

 

(1)-a. local time change 
(1)-b. horizontal advection 
(1)-c. vertical advection  
(1)-d. horizontal turbulent diffusivity 
(1)-e. vertical turbulent diffusivity 
(1)-f. internal and external source and sink  

  

A. Kuo and Neilson (1987) emphasize on (1)-b to address observations in James, 
York, and Rappahannock  
 

B. Testa and Kemp (2008) emphasis on (2)-a and (2)-f to address Patuxent River 
hypoxia dynamics  
 

C. Lake and Brush (2013) emphasized on (2)-a , (2)-c, and (1)-b (in particular the 
transport of OM from the bay to tributaries by bottom water movement ) to 
address  York River hypoxia dynamics 
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 Maximum 
depth 

Pelagic and 
sediment 
coupling 

External 
source of 
carbon  

Wind 
forcing 

Open 
boundary 
condition 

Main stem 
(deep 
channel) 

~20 m Less 
important 

Sink Important Ocean  

Tributaries < 10 m Very 
important 

Source Less 
important 

Bay 

“The fundamental equation that govern the DO in the main stem does not 
need to be different from that for the tributaries.   
 
Several notable differences on the physical and biological setting between 
main stem and tributaries, and among tributaries, however,  will shift the 
dominant balance among different processes”.  
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Recognizing the different setting between main steam 
and tributaries, a possible interpretation for the 
conclusion of Part 1:    
 

“High spring flow tends toward earlier relative main stem 
initiation” 
 
 

1.   With the high spring flow, overall, more nutrients in the 
tributaries are flushed out into the main stem Bay, which will cause 
the speed up for the initiation of the Bay hypoxia 
 
2.   With the high spring flow, it will cause more stratification in the 
main stem Bay than that in the tributary because the deeper depth 
in the channel, which, in turn, will reduce the vertical reaeration 
from the surface water.  
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Conclusion (part II) 

• Statistic evidences suggested that  tributary Hypoxia in many 
times are initiated locally in the tributaries 
 

• Since the tributaries are connected to the main stem bay, the 
bottom water movement of the gravitational circulation will 
have greater influence on the lower part of the tributaries as 
it moves upstream of the tributary. 
 

• To what extent and how much is the influence of the bay on 
the tributaries depends on many factors.  The assessment is 
yet to be conducted and determined in quantitative measure. 
 

• The numerical model could be an effective tool to assess the 
optimal nutrient control for restoring tributary hypoxia by 
turning on and off of biological attributes in the tributaries 
and vice versa in the main stem Bay for comparison.    
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