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Abstract: For rivers and streams, the impact of rising water temperature on biochemical oxygen
demand (BOD) assimilative capacity depends on the interplay of two independent factors: the
waterbody’s dissolved oxygen (DO) saturation and its self-purification rate (i.e., the balance between
BOD oxidation and reaeration). Although both processes increase with rising water temperatures,
oxygen depletion due to BOD oxidation increases faster than reaeration. The net result is that
rising temperatures will decrease the ability of the world’s natural waters to assimilate oxygen-
demanding wastes beyond the damage due to reduced saturation alone. This effect should be worse
for nitrogenous BOD than for carbonaceous BOD because of the former’s higher sensitivity to rising
water temperatures. Focusing on streams and rivers, the classic Streeter—Phelps model was used to
determine the magnitude of the maximum or “critical” DO deficit that can be calculated analytically
as a function of the mixing-point BOD concentration, DO saturation, and the self-purification rate.
The results indicate that high-velocity streams will be the most sensitive to rising temperatures. This
is significant because such systems typically occur in mountainous regions where they are also subject
to lower oxygen saturation due to decreased oxygen partial pressure. Further, they are dominated
by salmonids and other cold-water fish that require higher oxygen levels than warm-water species.
Due to their high reaeration rates, such systems typically exhibit high self-purification constants
and consequently have higher assimilation capacities than slower moving lowland rivers. For slow-
moving rivers, the total sustainable mixing-point concentration for CBOD is primarily dictated by
saturation reductions. For faster flowing streams, the sensitivity of the total sustainable load is more
equally dependent on temperature-induced reductions in both saturation and self-purification.

Keywords: streams; water quality; climate change; saturation; oxygen metabolism; sustainability

1. Introduction

Physicians monitor vital signs, such as body temperature, heart rate, and blood
pressure, as baseline indicators of a patient’s health status. Because of its relevance to
wastewater assimilation, aquatic life, taste and odor problems, and sediment-water inter-
actions, dissolved oxygen (DO) concentration has been, and still is, the best “vital sign” of
a waterbody’s ecosystem health. Hence, assessing how climate change might affect the
oxygen content of the world’s surface waters is a critical question related to future water
quality in a warming climate.

In the present paper, the classic Streeter-Phelps model [1] and the concept of sustain-
able assimilative capacity are used to address this question broadly and generally. After
examining the direct effect of rising water temperatures on oxygen saturation, the analysis
is extended to evaluate the influence of rising water temperatures on a river’s ability to
break down oxygen-depleting pollutants (BOD). In addition to lowering saturation, rising
water temperatures will decrease a river’s assimilative capacity by influencing its oxygen
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metabolism. Specifically, rising temperatures have a greater effect on the biochemical
processes that deplete oxygen than on the atmospheric gas transfer that replenishes it.

It should be noted that the analyses were informed by earlier efforts [2—4] to use the
Streeter-Phelps model to draw broad conclusions related to a river’s BOD assimilative
capacity. Because those contributions were made before climate change was universally
accepted, the earlier efforts did not explicitly address the issue explored in this paper: how
river oxygen levels will be influenced by rising water temperatures due to global warming.

2. Methods and Results

Quantifying a natural water’s capacity to assimilate oxygen-demanding pollutants
depends on the interplay of three main factors: (a) the oxygen saturation concentration,
(b) the oxygen concentration necessary to protect ecosystem health and designated uses,
and (c) the water body’s BOD assimilative capacity as determined by the physical, chemical,
and biological processes that reduce and replenish oxygen.

2.1. Oxygen Saturation

If a beaker of gas-free distilled water is opened to the atmosphere, gases such as oxygen
cross the air-water interface until an equilibrium is established between the partial pressure
of the gas in the atmosphere and its concentration in the water. At this equilibrium, the
water is said to be “saturated” with the gas. Waters with concentrations below saturation
are said to have a “deficit” whereas those with concentrations above saturation are said
to be “supersaturated”. Hence, by defining the oxygen concentration of an unpolluted
water, the oxygen saturation concentration represents the baseline of any effort to assess
oxygen-based water quality. Of course, certain rivers are naturally below saturation; for
example, those draining watersheds with naturally nutrient-rich soils. However, because of
the general nature of our analysis, a goal was needed that is independent of any particular
river’s natural metabolism. With this in mind, DO saturation provides a universal definition
of a pristine aquatic ecosystem.

Dissolved oxygen saturation depends on temperature, salinity, and oxygen partial
pressure. These factors influence saturation as described by [5]

0s = QPelev - Ps - elnosf(T) 1)

where o5 = dissolved oxygen saturation concentration (mgO, /L), ¢, = the fractional re-
duction of freshwater sea-level saturation due to elevation above sea level (dimensionless),
¢s = the fractional reduction of freshwater sea-level saturation due to salinity (dimen-
sionless), and oy = the dissolved oxygen saturation concentration of sea-level freshwater
(mgO,/L). The individual effects of temperature, salinity, and elevation are quantified
as follows.

Temperature, T (°C): The oxygen saturation of freshwater at sea level is determined
by evaluating the exponent of the exponential function of Equation (1) with [5]

5 7
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where T, = absolute temperature (K) = T + 273.15.
Salinity, S (ppt): The oxygen saturation of sea water is obtained by multiplying the
sea-level freshwater saturation by [5]

—5(1.7674x 102+ 10.T254 21407
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Elevation, elev (km): The effect of atmospheric pressure on gas saturation at elevation
is based on the standard atmosphere as described by the cubic polynomial [6]

Petey = 1 — 0.11988 elev + 6.10834 x 10 3elev? — 1.60747 x 10~ *elev® (4)

The impact of all three factors is depicted in Figure 1, which shows the relationship of
saturation to temperature for three water-body types: sea-level freshwater, seawater, and
the world’s highest navigable lake. Rising water temperature lowers the saturation for all
three types and is exacerbated by both salinity and elevation above sea level.

0 16 +
s 5 Sea-level
(mgO,/L) freshwater
121 N {  Seawater Lake Titicaca, Bolivia
B S (3.8 km above sea level)
8 e - -~
[ Assimilative e |
capacity e T
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o >
hp o HYPOXIA (ECOSYSTEM DEATH)
(] 10 20 30 40

Water temperature (°C)

Figure 1. Dissolved oxygen saturation (mgO, /L) versus temperature (°C) for sea-level freshwater,
seawater, and a very high-elevation freshwater lake. The vertical arrows specify the difference
between the saturation concentration and an oxygen concentration standard corresponding to
hypoxia. This is termed assimilative capacity “slack”; that is, the maximum allowable dissolved
oxygen deficit that can be generated before hypoxia occurs. The plot indicates how the saturation
and the assimilative capacity “slack” of all three systems decrease with rising water temperature.

Although the saturation values provide a useful perspective on how oxygen saturation
is impacted by temperature, salinity, and elevation, additional insight can be gleaned by
computing the rate of change of saturation by differentiating Equation (1) with respect
to temperature. Although functions like Equation (1) can sometimes be differentiated
analytically, the results are cumbersome and typically provide no insight. Numerical
differentiation provides an alternative means to obtain the same results with the centered

divided difference [7]
o = Lot —fle=0 5

where x = the value of the independent variable, f'(x) = the function’s first derivative with
respect to x evaluated at x, and é = a very small perturbation of x. For the present case,
with x = T and f(x) = 05(T), the result is dos(T)/dT with units of (mgO,/L)/°C. Thus, the
derivative represents a sensitivity factor that quantifies the change in saturation for a unit
change in temperature.

As depicted in Figure 2 and listed in Table 1, the sensitivity factors range between a
drop of about 0.41 (mgO,/L)/°C for very cold, sea-level freshwaters down to about 0.07
(mgO,/L)/°C for very warm, high-altitude freshwaters. For seawater, the drop ranges
from about 0.30 down to about 0.08 (mgO,/L)/°C for very cold and very warm water
temperatures, respectively.
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Figure 2. The rate of change of oxygen saturation with respect to temperature (mgO,/L)/°C) versus
temperature (°C) for freshwater at three elevations (solid lines) and seawater (dashed line). The
vertical dotted lines indicate four key temperatures.

Table 1. The rate of change of oxygen saturation with respect to temperature ((mgO,/L)/°C) for
selected temperatures (°C) for freshwater at three elevations and seawater.

Freshwater Ocean

T (°O) elev=0 elev=1.6 elev = 3.2 elev=0
S=0 S=0 S=0 S$=35

0 —0.414 —0.341 —0.279 —0.297
5 —0.330 —0.272 —0.222 —0.240
10 —0.266 —-0.219 —-0.179 —0.196
15 —0.218 —-0.179 —0.147 —0.162
20 —0.181 —0.149 —0.122 —0.135
25 —0.152 —0.125 —0.103 —0.115
30 —0.131 —0.108 —0.088 —0.100
35 —0.114 —0.094 —0.077 —0.088
40 —0.101 —0.083 —0.068 —0.079

These conclusions regarding oxygen saturation are independent of waterbody type,
and hence, would apply to all the world’s waters including lakes, estuaries, and marine
waters. In the remainder of this paper, the focus will be on rivers. Because most rivers
and streams have low salinity, the following analyses concentrate on how temperature and
elevation affect the oxygen saturation of fresh waters.

2.2. Oxygen Concentration Standard

The second factor required to assess oxygen assimilative capacity is the specification of
a dissolved oxygen water-quality standard, 0,y (mgO>/L). This is the oxygen concentration
needed to protect ecosystem health and designated uses. Figure 3 is an attempt to generally
summarize commonly used target levels to achieve these goals. Freshwater, sea-level
saturation concentrations at 5 °C increments between 20 and 35 °C are indicated because
this range would encompass the present and future summer temperatures in most of the
world’s rivers over the next 50 years.
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Figure 3. A dissolved oxygen concentration (mgO, /L) scale showing several key levels related

to establishing oxygen concentration targets needed to maintain ecosystem health and protect
designated uses.

It should be noted that nutrient-rich waters with high plant photosynthesis can
become supersaturated with oxygen, particularly toward dusk. However, these elevated
levels typically occur in the warmer months in eutrophic systems and are often short in
duration due to algal blooms. Consequently, persistent oxygen levels above 12 mgO, /L
are uncommon in critical periods for almost all waterbodies.

The concentration at which biota suffer is roughly in the range of 3-5 mgO, /L but
vary somewhat depending on dominant species and life stages of organisms. Hypoxia
means “low oxygen” and is usually defined as the level at which oxygen becomes so low
that most oxygen-dependent aquatic life is not viable. Anoxia means “no oxygen” and
is the point at which a volume of water and its underlying sediments are considered a
“dead zone” as far as aerobic organisms are concerned. Along with aerobe death, anoxic
systems manifest other undesirable symptoms such as the bottom sediment release of
nutrients, toxic compounds, and foul-smelling, noxious gases. Further, anoxia can stress or
kill aerobic organisms in the sediments such as macrofauna. This can diminish bioturbation,
which is an important process in sediment diagenesis [8].

For the present analysis, an oxygen standard of 2 mgO,/L is assumed to avoid
hypoxia, the condition at which a waterbody can no longer support aquatic organisms.
This conventional definition is employed recognizing full well that hypoxia can occur in
many natural waters at levels above 2 mgO, /L [9]. It is also acknowledged that water-
quality standards well above the critical state of hypoxia are typically required to protect
oxygen-dependent resources such as sport and commercial fisheries as well as aquaculture.
That said, assuming the goal of avoiding hypoxia will not obviate the general conclu-
sions of the current analyses. In fact, setting a higher concentration standard would only
strengthen them.

The combination of the saturation concentration and the oxygen standard allows us to
define an assimilative capacity “slack”; that is, the maximum allowable dissolved oxygen
deficit (as indicated on Figure 1). This acknowledges the fact that saturation alone does not
tell us how much oxygen-demanding waste a waterbody can assimilate. Rather, it tells us
how much BOD can be utilized before the system goes anoxic.

The vertical arrows in Figure 1 illustrate the relationship of assimilative capacity slack
to temperature for sea-level freshwater. As with saturation, the slack (a) decreases signif-
icantly as water temperature rises, and (b) is exacerbated by both salinity and elevation.
Additionally, by targeting a non-zero oxygen standard, the slack becomes more stringent
than merely avoiding anoxia.
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2.3. Assimilative Capacity

The third and final factor in assessing the impact of rising temperatures on saturation
is to quantify the water body’s assimilative capacity. This is the receiving water’s capacity
to absorb oxygen-demanding wastes without exceeding its assimilative capacity slack.
More specifically, as originally conceived by Fair [2], this involves estimating the amount
of oxygen-demanding wastewater that can be safely discharged as temperatures rise.

2.4. Receiving Water Model

The following analysis represents oxygen-demanding wastes as total biochemical oxy-
gen demand (BOD). This is the amount of dissolved oxygen consumed by microorganisms
during the oxidation of reduced substances in water. The total BOD consists of two major
components: carbonaceous (CBOD) and nitrogenous (NBOD). CBOD represents readily
oxidizable organic carbon whereas nitrogenous BOD (NBOD) corresponds to ammonia
and readily oxidizable organic nitrogen. Note that ammonia and readily oxidizable organic
nitrogen are sometimes referred to collectively as “reduced nitrogen”.

The ability of a waterbody to assimilate BOD point-source loadings will differ depend-
ing on the waterbody type. In the interest of simplicity, the following analysis focuses on
the impact of a single point source of wastewater into a river with constant downstream
flow, geometry, and temperature (Figure 4). The seminal water-quality model developed
by Streeter and Phelps [1] is employed to compute the oxygen concentration at locations
downstream of the mixing point as a function of the mixing-point BOD concentration. For
steady-state conditions, zero initial oxygen deficit at the mixing point, no BOD settling
losses, and minimal plant activity, the model is

_ kalo ( kit kgt
0 =105 — m (e —e ) 6)

where o = dissolved oxygen concentration (mgO, /L), Ly = concentration of biochemical
oxygen demand (BOD) at the mixing point (mgO, /L), k; = deoxygenation rate (/d), k, =
reaeration rate (/d), and t = travel time below the mixing point (defined as t = 0). Note that
given a constant velocity, U (m/d), the distance downstream of the waste discharge, x (m),
is linearly related to travel time by x = Ut.

BOD point source
l mixing point

-
-

— Ot River e

DO saturation

(mgO,/L)

&

1 .

; decomp = reaeration
>

T

‘decomp | reaeratio'n
dominates | dominates Distance, x (m) R
t Ix Travel time, 7 (d)

¢ e

Figure 4. The classic Streeter-Phelps model showing the dissolved oxygen sag in a river below a
point source of BOD.

As depicted in Figure 4, Equation (6) generates the classic dissolved oxygen sag
with a minimum or “critical” oxygen concentration at the travel time (or downstream
distance) below the discharge where the oxygen loss due to decomposition balances
oxygen replenishment due to atmospheric reaeration. This minimum “critical” oxygen
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concentration, o, (mg0O, /L), will be the focus of the following effort to assess how a river’s
BOD assimilative capacity depends on water temperature. By determining the mixing-
point BOD concentration necessary to maintain the critical oxygen concentration at the
water-quality standard, oxygen concentration at all other travel time/locations will be
higher than the water-quality standard.

2.5. Critical Oxygen Concentration

The oxygen deficit, D (mgO;/L), is the difference between the saturation oxygen
concentration and the dissolved oxygen concentration at a specific travel time or distance
below the mixing point

D=o0s—0 (7)

Comparison of Equations (6) and (7) shows that the last term of Equation (6) is, in fact, D.

Inspection of Equation (6) indicates that the relationship of the oxygen concentration
to the BOD mixing-point concentration depends solely on three temperature-dependent
parameters: oxygen saturation (0s), the decomposition rate (k;), and the reaeration rate
(kz). Fair [2] manipulated Equation (6) to determine the critical oxygen deficit in terms of
those three parameters. Under the simplifying assumptions (i.e., zero mixing-point oxygen
deficit, no BOD settling losses, and minimal plant activity) the critical oxygen deficit, D,
(mgO, /L), can be computed as [10]

k

d
kg, (ko) R
Dc - kuL0<kd) (8)

Fair [2] also recognized that Equation (8) could be simplified further by defining the
dimensionless ratio of the reaeration rate to the deoxygenation rate as a new parameter

ka
f= ks )

where f = the dimensionless self-purification constant or reaeration-deoxygenation ratio.
By defining f, Fair cleverly reduced the relationship of the critical oxygen deficit to the
BOD mixing-point concentration from three factors to two: oxygen saturation and the
dimensionless self-purification constant (f). As listed in Table 2, f varies between about 0.5
for very sluggish backwaters to well above 20 for very high energy streams.

Table 2. Approximate values for the self-purification constant for CBOD at 20 °C as originally
suggested by Fair [2] and supplemented by very high-energy streams [11].

Nature of Receiving Water Range of f(20)
(a) Backwaters 0.5-1
(b) Sluggish streams 1-1.5
(c) Large, low-velocity streams 1.5-2
(d) Large, high-velocity streams 2-3
(e) Swift streams 3-5
(f) Rapids, waterfalls 5-20
(g) Extremely high-energy and high-gradient 20
streams

Equation (9) can be substituted into Equation (8) and the result manipulated to yield

D, £
I 1
=/ (10)
Thus, the ratio of the critical deficit to the mixing-point BOD concentration depends
exclusively on the self-purification constant. This dependency is depicted in Figure 5
where, for the most stagnant backwaters and sluggish streams, the critical oxygen deficit
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is about 50% of the mixing-point BOD concentration. As reaeration intensifies relative to
decomposition, the impact on the mixing-point BOD drops by over a factor of five to 10%
or lower for fast-flowing, highly aerated streams.

05 +
4 i (a) Backwaters
(b) Sluggish streams
(c) Large, low velocity streams
(d) Large, high velocity streams
03+ (e) Swift streams
4 (f) Streams with rapids and waterfalls

0.2 +—

0.1 +

% 044

(a) (b) () () (e) , (f)

0 T f T f
0 2 4 6 8

Figure 5. Plot of the ratio of critical deficit to the sustainable mixing-point concentration of carbona-
ceous BOD versus the self-purification constant at 20 °C. The “sustainable mixing-point concen-
tration” is the level to maintain the downstream critical oxygen concentration at the value where
hypoxia begins.

Given a water-quality standard, o, (mgO,/L), as the concentration that must be
maintained to protect the river’s water quality (in our case, avoiding hypoxia), Equation
(10) can be solved for D, and substituted into Equation (7) with o set to 0. The result can
then be solved for the “sustainable” mixing-point BOD concentration as

Los =1~ (05 - qu) (11)

with ;

p=f (12)
where i = the mixing-point BOD concentration-to-deficit ratio (dimensionless). The mixing-
point BOD is modified with a subscript “s” to indicate that it is a “sustainable” mixing-point
BOD concentration that maintains enough oxygen to support the river’s desired water
quality, 0yg-

Equation (11) provides a unique solution for how Ly is determined as the product
of the mixing-point BOD-to-deficit ratio, which is solely dependent on the temperature-
dependent self-purification ratio (f), and the desired critical deficit, which is the difference
between the temperature-dependent saturation concentration (0s) and the water-quality
standard (o). Thus, Equation (11) neatly separates the impact of the two temperature-
dependent factors: oxygen saturation and self-purification that govern a river’s capacity to
absorb oxygen-demanding pollutants.

It should be stressed that Ly is not the BOD concentration of the point source. Rather,
it is the flow-weighted average of the river and the point-source BOD concentrations. As
the stream becomes more effluent dominated, the mixing-zone concentration approaches
the point-source concentration. For less effluent-dominated systems, dilution allows the
discharge of higher point-source BOD loadings.

We have already explored the temperature dependence of saturation (Figure 1). The
next step is to quantify the temperature dependency of the self-purification constant.
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2.6. Temperature Effect on the Self-Purification Constant

The effect of temperature on rates are commonly modeled with the simplified Arrhe-
nius equation [12]
k(T) = k(20)0T 20 (13)

where k(T) is the rate at the water temperature T (°C), and 6 = an empirically derived
dimensionless Arrhenius constant. A value of 6 = 1 indicates that there is no temperature
dependence. A value of 8 above 1 means that the rate increases as temperature increases
with higher values yielding a stronger effect. A value of § below 1 indicates that the rate
decreases as temperature increases with lower values yielding a stronger effect. Note that
a more intuitive way to parameterize the temperature dependence of rates is Qj9, which is
defined as the ratio k(20)/k(10). The parameters 6 and Q¢ are related mathematically by

Q10 = 6" (14)

We have summarized the Arrhenius model parameters for the key reaction rates
connected with dissolved oxygen levels in natural waters in Table 3. Note that along with
the rates used in the Streeter-Phelps model, other rates are included relevant to two other
important oxygen-determining processes: eutrophication and sediment oxygen demand.

Table 3. Values of the temperature correction factors for the simple Arrhenius model for key reaction
rates connected with dissolved oxygen levels in natural waters.

Reaction 0 Range of 0 Q1o Reference

CBOD decay 1.047 (1.02-1.09) 1.58 [1,13]

NBOD decay 1.07 (1.055-1.1) 2.16 [13,14]

Reaeration 1.024 (1.005-1.03) 1.27 [13,15]

Phytoplankton growth 1.066 1.89 [16]

Phytoplankton respiration 1.08 2.16 [13,14]

Sediment oxygen demand 1.065 (1.04-1.13) 1.88 [8,14]
Biological “rule of thumb” 1.07 1.97

For the rates comprising f, it is conventional to employ 6; = 1.047 and 6, = 1.024 for
carbonaceous BOD decomposition (k;) and reaeration (k;), respectively. Converting to Qo,
this means that for a 10 °C rise in temperature, CBOD decomposition would increase by
about 60% whereas reaeration would increase by about 25%. The other common oxygen-
demanding reaction, nitrification (k;), has a higher 6, = 1.07, which corresponds to a
doubling for a 10 °C water temperature rise. Hence, rising water temperatures will have a
greater impact on nitrification than on the oxidation of organic carbon (Figure 6a).

The three rates increase as temperature increases with organic carbon decomposition
and nitrification being more strongly temperature dependent than reaeration. Thus, the
temperature dependence of the organic carbon self-purification ratio can be quantified as

kq(20)1.0247-20

£(T) = . (20) LB £.(20)0T-20 (15)

fe
where 6. = the Arrhenius constant for self-purification due to CBOD oxidation (dimension-
less), which is computed as [2]

_1.024
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Figure 6. (a) Plot of the ratio of the Streeter—Phelps reaction rates normalized to the value at
20 °C versus temperature. The steepness of the slopes means that the rates connected with oxygen
depletion (k; and k;) are more strongly impacted by temperature than the rate connected with oxygen
replenishment (k;). (b) Plot of the ratio of the self-purification constants normalized to the value at
20 °C versus temperature. The monotonic declines mean that self-purification is reduced because
reaeration increases at a slower rate than oxidation. Hence, the assimilation of oxygen-demanding
pollutants due to self-purification will decrease as the planet’s natural surface waters warm. The
curves also indicate that the decrease for NBOD will be greater than that for CBOD.

For nitrification, the temperature dependence of the reduced NBOD oxidation ratio
can be quantified as
k2(20)1.0247-20
k(20)1.077-20

where 65, = the Arrhenius constant for self-purification due to NBOD oxidation (dimen-
sionless) is computed as

= £,(20)pT 20 (17)

fn(T) = fn

1.024
60 = 17 = 0957 (18)

Because 0, < 6, self-purification of nitrogen oxygen demand will be reduced more by
rising water temperatures than for self-purification based on reduced nitrogen oxidation.
Figure 6b is a plot of Equations (15) and (17) versus temperature. These results
are significant as they indicate that for both cases, as water temperature increases, the
process that replenishes oxygen (k;) increases at a lower rate than the processes that remove
oxygen (k; or k;). This means that both self-purification ratios will decline as future
water temperatures increase. Expressed as Q1p, for a 10 °C temperature rise, the CBOD
self-purification ratio would decrease by 20%, and decrease by 36% for NBOD.

Now that the temperature dependence of f is established, the manner in which
temperature affects the dimensionless mixing-point BOD concentration-to-deficit ratio can
be explored (Equation (12)). Figure 7 is a plot of the ratio versus temperature for sea-level
rivers with different values of the self-purification constant at 20 °C. For very stagnant or
lower velocity systems (f < 1), the impact of higher temperature is negligible. However, for
higher velocity streams the impact is significant. Notice also that the impact of temperature
change on nitrification is more pronounced than for organic carbon decomposition as
would be anticipated by its larger Arrhenius constant.
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Figure 7. Plot of ¢, the ratio of the sustainable mixing-point BOD concentration (L) to the critical
deficit (D) versus temperature for sea-level rivers with different values of the 20 °C self-purification
constant.

2.7. Temperature Effect on Assimilative Capacity

The final piece of this puzzle is to examine the total impact of rising temperature on a
river’s assimilative capacity. That is, as modeled by Equation (11), how will the sustainable
mixing-point BOD concentration be influenced by the temperature dependencies of both
saturation and self-purification?

Figure 8 shows how the sustainable mixing-point concentration for freshwater rivers
at several elevations and self-purification constants varies with temperature. The effects of
temperature and elevation are most pronounced for high-velocity rivers and streams. This
is significant as most high-velocity systems occur in mountainous regions. Due to their
high reaeration rates, such systems typically exhibit high self-purification constants and,
consequently, can assimilate larger oxygen-demanding loads. This assimilation is greatest
at low temperatures when oxidation rates are reduced proportionally more than the drop
in reaeration.

Whereas they have the largest assimilation capacity for oxygen-demanding pollu-
tants, systems with high self-purification constants are also the most sensitive to rising
temperatures. Although this is reflected visually by the greater negative slopes for the
higher f curves in Figure 8, the temperature sensitivity of the sustainable load directly can
be quantified by applying the product rule to differentiate Equation (11) with respect to

temperature
dL d d
e = pede 4 (0—o0) 3
total [ saturation n self-purification (19)
sensitivity /  \ sensitivity sensitivity

where the derivatives on the right-hand side can be evaluated numerically with Equation (5).

Equation (19) is very useful as it converts the product of the two factors Equation (11)
to a summation of their respective contributions to the total sensitivity. Although both
factors appear in the two terms, they merely serve to convert the variation of each factor
(the derivatives) into their respective contributions to the total temperature sensitivity of
the sustainable mixing-point BOD concentration.
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Figure 8. Plot of the mixing-point concentration versus temperature for freshwater rivers at several
elevations and self-purification constants.

As depicted in Figure 9, the sustainable mixing-point concentrations for the most stag-
nant rivers (low f) are relatively insensitive to temperature variations. Although they have
the highest assimilation capacities, rivers and streams with high self-purification constants
(high f) are also the most sensitive to changing temperatures. For a high-elevation stream
(elev = 1.6 km) with significant rapids and waterfalls (f(20) = 10) at a mean temperature
of 17 °C, every degree Celsius of temperature rise reduces the sustainable mixing-point
concentration by approximately 3.8 mgO, /L of CBOD.

-25 +
dL,Jar | (a)CBOD (b) Nitrification
[(mgO,/L)°C] |
20 +
I Sea level
— — 1.6 km

T (°C) T (°C)

Figure 9. Plot of the temperature sensitivity of the sustainable mixing-point concentration as a
function of temperature for freshwater rivers at several elevations and self-purification constants.
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We can take the analysis one step further by normalizing Equation (19) by dividing it
by dLgs/dT and multiplying the result by 100% to yield

o — . dos/dT 0 dy/dT o
100% = ll) . dl(jos/dT -100% + (05 — Oc)m -100% (20)
(% due to saturation) (% due to self-purification)

Thus, the sensitivity of the sustainable mixing-point concentration is separated into
the percentages due to saturation and self-purification. These components can be evaluated
for different river types (f) at different elevations (elev) and plotted versus temperature
(Figure 10).

(a) CBOD

80% - (b) NBOD

Saturation
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1
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|
|
|
|
1
1
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F __|__ Saturation
. sensitivities
50%
b | Purification
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40%
Purification |
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T20% +

Figure 10. Percentage contributions due to the saturation and self-purification of the temperature
sensitivity of the sustainable mixing-point concentration of (a) CBOD and (b) NBOD as a function
of temperature for freshwater rivers at several elevations and self-purification constants (f = 0.5:
very stagnant; f = 2: large, moderate velocity streams; f = 10: high-velocity streams with rapids and
waterfalls).

For CBOD, the total sustainable mixing-point concentration (Figure 10a) of very
stagnant systems (f = 0.5) is primarily dictated by their sensitivity to saturation reductions.
Sensitivity drops from about 78% at sea level to about 75% at an elevation of 3.2 km.
Saturation sensitivity also dominates the high-velocity systems (f = 10), but at a reduced
proportion of about 60%. Although saturation is dominant for CBOD, self-purification is
still significant, especially for fast-flowing systems.

For NBOD, although the total sustainable mixing-point concentration (Figure 10b)
for very stagnant stagnant systems is also more highly impacted by oxygen saturation
reductions, the effect is less pronounced than for CBOD (~60%). For the high-velocity
systems (f = 10), the sensitivity of the total sustainable load of reduced nitrogen is more
equally dependent on both saturation and self-purification. For the fastest systems, self-
purification actually becomes more dominant.

3. Discussion

We have employed a very simple steady-state model to provide a “10-km view” of
the impact of global warming on river oxygen dynamics. Although the Streeter—Phelps
model was very useful for management in the pre-computer era, it has been supplanted by
much more comprehensive and complex models made possible by the widespread access
and evolution of digital computers starting in the 1960s [17-20]. Although it is no longer
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used for management tasks such as wasteload allocations, the Streeter-Phelps model is a
fundamentally sound parsimonious model that is still valuable for exploring the type of
global questions addressed in the current paper.

3.1. Caveats

Because they are limited to a small number of parameters, parsimonious models often
provide a means to draw broad general conclusions that can be very difficult to identify
with more realistic but highly parameterized models [21] and, in some cases, they can also
be preferable for practical model applications [22-24]. This follows the tradition of using
parsimonious models to understand major facets of the dissolved oxygen problem [2-4] as
well as other water-quality problems [22,25].

In so doing, a myriad of other facets of future oxygen-related water quality have
been neglected. Several of these relate to the simplifying assumptions of Equation (6):
steady-state conditions, zero initial oxygen deficit at the mixing point, no BOD settling
losses, and minimal plant activity.

For example, the simplified analysis employed in this paper does not address the
time-variable impacts of climate change on oxygen. Combined sewer overflows of oxygen-
demanding wastes from urban catchments should intensify due to less-frequent high-
intensity storms [26,27] that could lead to short-term anoxia, the magnitude and duration
of which would be exacerbated by warmer water temperatures.

Our focus on BOD means that other major processes that impact oxygen have been
neglected; most notably, eutrophication and sediment-water exchange of oxygen and
nutrients. Incorporation of both these multifaceted processes requires much more complex
non-linear models, which would preclude the simple analytical solutions employed in the
present analysis to develop broad, global conclusions. For the time being, it should be
noted that both processes have important rates with Arrhenius constants of a magnitude
similar to NBOD (~1.07) and, hence, would exhibit the same high temperature sensitivity.
For example, the diel oxygen variations due to plant photosynthesis (6 = 1.066) would
tend to amplify diurnal dissolved oxygen swings and, hence, would lead to lower critical
oxygen concentrations just before sunrise. Although analyzing these processes is beyond
the scope of the current contribution, separate analyses could be devoted to quantifying
the impact of warming on these two critical processes. The issue of diel water quality will
be investigated in the second part of this paper [6].

The assumption of zero initial deficit at the mixing point has several deficiencies.
First, unless diffusers are used, there is typically a mixing “zone” rather than a mixing
“point” where the BOD loading enters the river. Except for wide rivers, there will come a
downstream distance relatively close to the discharge point where the discharge would be
well mixed across the stream width. Further, there are both simple equations [28,29] and
more complex, mechanistic frameworks [30] to estimate the distance at which complete
mixing is attained. Second, although the deficit can be near zero at the discharge point, it
is more likely that it is not. Although the Streeter-Phelps framework can accommodate
a non-zero deficit at the mixing-point, this would add an additional dimension that was
unnecessary for the present analysis.

Finally, although we hold to our general conclusions regarding rivers and streams,
global warming will impact the dissolved oxygen concentrations of all the planet’s surface
waters. As noted previously, lakes and estuaries will be threatened by lowered oxygen
saturation levels in the same way as rivers. However, particularly due to their different
physics, reduced saturation as well as self-purification will differ in their ultimate effect.

Rather than being caused by allochthonous (externally produced) BOD from sewage
discharges, oxygen problems in thermally stratified lakes and reservoirs are typically due
to autochthonous (internally produced) BOD due to settling plant matter decaying in the
hypolimnion. Although point-source sewage discharges can certainly cause hypoxia in
tidal rivers and estuaries, they are often located at the downstream end of large watersheds.
Hence, along with direct point loadings, they also receive significant amounts of plant
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nutrients due to non-point agricultural runoff in their watersheds. Furthermore, their intri-
cate transport regimes caused by advective freshwater flow, tides, and salinity stratification
must be accounted for.

3.2. Need for High-Temperature Experiments for Biochemical Rates

The temperature dependence of most of the rates used in management-oriented water-
quality models were established in the 20th century. Up until the 1970s, the models focused
on simulating the impact of untreated urban sewage on the oxygen and bacteria levels
in natural waters. After 1970, attention was directed towards other problems including
eutrophication, toxics, and acid rain. Thus, most of the rates were developed before climate
change and global warming were recognized.

Today, as water temperatures rise beyond levels experienced in the past, there is a
case to be made that the temperature dependence of model rates should be revisited with a
focus on higher temperatures. For example, it has long been recognized that cyanobacteria,
an important component of harmful algal blooms, thrive at higher temperatures than other
algal groups [31,32]. Thus, it has been suggested that experiments be conducted to better
quantify the impact of very high water temperatures on the growth and respiration rates of
important algal species [31].

This reexamination at higher temperatures even extends to the rates employed in
this paper. Because it is dependent on oxygen diffusivity in water, reaeration at higher
temperatures is straightforward to compute. However, the impact of high temperature on
biochemical rates such as CBOD deoxygenation, nitrification, and denitrification might
merit further study.

3.3. Shallow, High-Energy Streams

In an interesting paper, Ulseth and colleagues noted that very high-gradient streams
can have extremely large gas transfer coefficients [11]. They concluded that gas exchange
in rivers and streams exists in two states. Whereas turbulent diffusion drives gas transfer
velocity in low-energy streams, turbulence entrains air bubbles in high-energy streams
leading to larger transfer rates than would be expected based on diffusion alone.

It is also well known [13] that shallow streams typically exhibit higher decomposition
rates (1 to 5/d) than deeper rivers (0.05-0.5/d). The usual explanation for this is that bed
processes, such as bottom bacterial biofilms and hyporheic flow, would have a greater
effect on shallow than on deeper systems [10]. Furthermore, smaller streams often exhibit
significant dead zones that tend to enhance k; and k;, by increasing the residence time of
the water caught up in the zones [25]. For hyporheic flow, this also prevents atmospheric
gas transfer.

Because the current study relies on the dimensionless ratio, f, these observations
do not negate our major conclusions. Nevertheless, shallow streams with very steep
slopes deserve further study. Not only does this relate to the current study’s focus on
BOD assimilative capacity but also on topics such as quantifying their contribution to
greenhouse gas emissions [11].

3.4. The Special Threat of Global Warming to Salmonid Fisheries

As mentioned in the discussion of Figure 9, the largest sustainable BOD assimilative
capacity occurs in very fast-flowing rivers at colder temperatures. As noted previously,
such systems are typically located in mountainous regions where water temperatures are
generally colder than for lower elevation rivers. Furthermore, excluding rivers located in a
few densely populated, high-elevation metropolitan areas (notably the megacities, Bogota,
Columbia, and Mexico City), human population density is typically much less than for
lower elevation rivers [33].

Of course, as population continues to grow, some high-altitude, non-urban watersheds
are beginning to be developed for recreation and tourism. This is particularly true in the
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Western Hemisphere and should increase in the future [6]. Regardless, one might conclude
that such rivers are presently less vulnerable to global warming.

Nevertheless, because they are colder, highly aerated, and less developed than lowland
rivers, these systems are often prime habitats for prized, cold-water gamefish such as the
salmonids (most notably, trout, char, and salmon). Consequently, if the desire is to protect
a cold-water fishery, it will be necessary to do more than merely avoiding hypoxia. Rather,
as depicted in Figure 3, a standard of approximately 5-6 mgO, /L would be appropriate.
This would reduce the stream’s assimilative capacity slack by 3-4 mgO, /L relative to the
hypoxia standard of 2 mgO, /L employed in this paper. Furthermore, recall that high-
elevation systems will also have lower saturation values due to the reduced partial pressure
of oxygen gas at altitude.

The impact of all these factors can be illustrated by an example. As depicted in Figure 11,
the model is used to compute the sustainable mixing-point BOD concentrations for several
scenarios. The total height of each bar corresponds to the base case of avoiding hypoxia for
a fast-flowing, freshwater sea-level river. A series of cases are indicated that progressively
lower the allowable mixing-point BOD concentration to (a) support a salmonid fishery,
(b) move the river to high elevation, and (c) subject it to climate-induced warming.

sustainable mixing point BOD concentration
to avoid sea level freshwater hypoxia

L, 120 /__\. -
(mgO,/L) - elev=0km; 0, =2 mg/L; T=16°C -
100 1 loss to
L r protect
3 salmonids
80 +
L r-- o =
[ elev=0Kkm; o,,=5mg/L; T=16°C --- N
60 i 1 g w \ loss for
T - high
L \ \ elevation
40 I elev =2 km; owq=5mg/L; T=16°C\& _r-- k e
r o - | | loss due to
| elev=2km;o,, =5mg/L; T=18°C 7. --r 7 warming
r elev =2 km; 0,,= Smg/L; T=21°C—jiinimil~—~~ ~— - -
20 +
o L

CBOD NBOD

Figure 11. Bar chart depicting sustainable mixing-point BOD concentration to avoid sea-level
freshwater hypoxia along with reductions due to protecting salmonid fisheries, moving from sea
level to high elevation, and warming water temperatures due to climate change.

The key parameters for the base case are f, = 10, Owg = 2 mgOy/L, elev = 0, and
T =16 °C. The subsequent scenarios are:

Scenario 1. Raise the 0y to 5 mgO, /L to support a salmonid fishery.

Scenario 2. Move the river to a high elevation by setting elev = 2 km.

Scenario 3. Increase the critical (usually late summer) water temperature to T = 18 °C
(moderate) and 21 °C (high).

First, the oxygen-saturation slack is increased by raising the water-quality standard
(0q) from 2 to 5 mgO, /L (Figure 3) to support a salmonid fishery. This change reduces the
allowable mixing-point concentration by about 38%. Next, the river’s elevation is increased
to 2 km, which reduces the allowable mixing-point concentration by an additional 27% for
a total of 65%. Note that up to this point, the reductions in CBOD and NBOD are identical.
Finally, the river’s maximum temperature is increased to 2 °C and 5 °C, which reduces
the sustainable mixing-point oxygen by an additional 4.5% and 10%, respectively. Thus,



Water 2021, 13, 2408

17 of 20

protecting a salmonid fishery in a fast-flowing mountain stream reduces the sustainable
mixing-point oxygen concentration by about 90% as compared with the base case of merely
avoiding hypoxia for a fast-flowing, sea-level system.

4. Conclusions

In summary, a modeling analysis has been developed to draw broad and general
conclusions regarding the effect of climate-induced rising water temperatures on the ability
of the earth’s rivers to assimilate oxygen-demanding pollutants. For rivers and streams
with a single point source, the impact of rising water temperature on BOD assimilative
capacity depends on the interplay of two independent factors: the waterbody’s dissolved
oxygen saturation, and its self-purification.

Using standard formulations, it is shown that the sea-level freshwater saturation
concentration declines monotonically with rising water temperatures with the highest
rate of decrease occurring at low temperatures. The saturation is lowered additionally by
salinity as well as reduced atmospheric pressure at elevations above sea level. Hence, the
impact of temperature on the slack is more pronounced for marine and high-elevation
systems. Although this analysis centers on rivers and streams, these conclusions regarding
oxygen saturation are independent of waterbody type and hence would apply to all the
world’s waters including lakes, estuaries, and marine waters.

Beyond the reduction of saturation, a waterbody’s capacity to safely assimilate oxygen-
demanding pollution is also determined by the relative magnitudes of oxygen replenish-
ment due to gas transfer and its depletion due to BOD oxidation. This dependence is
parameterized by a dimensionless self-purification constant consisting of the ratio of the
reaeration rate to the deoxygenation rate (f). The two processes comprising self-purification
increase as temperature increases with the decomposition rates (k; for CBOD and k;, for
NBOD) increasing faster than the reaeration rate (k). Thus, as water temperatures rise, self-
purification declines. Hence, global warming will not only reduce assimilative capacity by
lowering oxygen saturation but also by increasing oxygen depletion faster than reaeration.

As a final step in the analysis, the combined effect of the reductions in saturation
and self-purification are examined. To do this, the critical maximum deficit (i.e., the
maximum saturation slack) is set equal to the DO saturation minus a desired DO water-
quality standard corresponding to hypoxia. The maximum deficit equation can then be
solved for the mixing-point BOD concentration as the product of the saturation slack and a
dimensionless mixing-point BOD concentration-to-deficit ratio, which is solely dependent
on self-purification.

We plotted the sustainable mixing-point concentration for freshwater rivers at several
elevations and self-purification constants versus temperature. The effects of temperature
and elevation are most pronounced for high-velocity rivers and streams. This is significant
as a large fraction of high-velocity rivers and streams occur in mountainous regions. Due
to their high reaeration rates, such systems typically exhibit high self-purification constants
and, consequently, can assimilate higher oxygen-demanding loads. This assimilation is
greatest at low temperatures when oxidation rates are reduced relatively more than the
drop in reaeration.

The sustainable mixing-point concentrations for the most stagnant rivers are relatively
insensitive to temperature variations. Although they have the highest assimilation capac-
ities, rivers and streams with high self-purification constants are also the most sensitive
to changing temperatures. For a high-elevation stream (elev = 1.6 km) with significant
rapids and waterfalls (f(20) = 10) at a mean temperature of 17 °C, every degree Celsius
of temperature rise reduces the sustainable mixing-point concentration by approximately
3.8 mgO, /L of CBOD.

Using the multiplication rule for differentiation, the total sustainable mixing-point
concentration sensitivity is disaggregated into the percentages due to saturation and to
self-purification. For stagnant systems, the total sustainable mixing-point concentration
for CBOD is primarily dictated by its sensitivity to saturation reductions due to rising
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temperatures. Saturation sensitivity also dominates the faster flowing rivers and streams,
but at a reduced proportion of about 60%. Although the total sustainable mixing-point
concentration of reduced nitrogen for stagnant rivers is also more highly impacted by
oxygen saturation reductions, the effect is less pronounced than for CBOD. For the faster
flowing rivers and streams, the sensitivity of the total sustainable load of reduced nitrogen
is more equally dependent on both saturation and self-purification.

In conclusion, the study that yielded the Streeter and Phelps model was published in
1925 [1]. Hence, 2025 will mark the 100th anniversary of the field of surface water-quality
modeling. Thus, it is gratifying that this seminal model still provides a means to draw
some useful conclusions regarding the impact of global warming on river water quality.

Nevertheless, as mentioned in the prior section outlining caveats, this study has just
scratched the surface of the myriad ways that climate change will threaten the future
water quality of surface waterbodies. Although the analysis of a few of these problems
might be amenable to the type of parsimonious approach described in this paper, most
will require process-based models to adequately gain insights [34,35]. In the second part
of this paper [6], this is accomplished by analyzing the oxygen problem for the high-
elevation Bogota River in Columbia using a complex, process-based water-quality model.
This second paper will address many of the facets of the oxygen problem that were not
addressed by the admittedly simple parsimonious model used in the current paper. These
will include the impact of rising water temperature on sediment-water interactions, plant
photosynthesis and respiration, and diel oxygen swings.
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Nomenclature

Symbol Definition Units

D DO deficit mg0O,/L

D, critical DO deficit mgO, /L

elev elevation km

f self-purification constant or reaeration—deoxygenation ratio dimensionless
fe readily oxidizable organic carbon (CBOD) self-purification ratio dimensionless
fn reduced nitrogen (NBOD) self-purification ratio dimensionless
ka reaeration rate /d

kg deoxygenation rate /d

kn nitrification rate /d
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Lo BOD concentration at the mixing point mg0,/L
Los sustainable BOD concentration at the mixing point mgO, /L
0 DO concentration mg0O,/L
0c¢ critical DO concentration mg0O,/L
0s DO saturation concentration mg0O,/L
Osf the DO saturation concentration of sea-level freshwater mgO, /L
Owg DO water-quality standard mg0O,/L
S salinity ppt
t travel time below the mixing point d
T water temperature °C
u velocity m/d
x distance downstream of the waste discharge m
P mixing-point BOD concentration-to-oxygen deficit ratio dimensionless
Pelev fractional reduction of freshwater sea-level saturation due to elevation dimensionless
Ps the fractional reduction of freshwater sea-level saturation due to salinity = dimensionless
0, Arrhenius constant for reaeration dimensionless
0,4 Arrhenius constant for CBOD oxidation dimensionless
b Arrhenius constant for self-purification due to CBOD oxidation dimensionless
0 Arrhenius constant for self-purification due to NBOD oxidation dimensionless
0, Arrhenius constant for NBOD oxidation dimensionless
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