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ABSTRACT

The prospect of gradual change in the earth's climate regime due to anthropo-
genic influences has resulted in considerable speculation, e.g. changes in the
frequency and severity of droughts, floods, or other climate related disturbances.
Within this paper the impacts of climate changes on the quality of natural and
artificial water bodies due to atmosphere-hydrosphere interactions are described.
We used a heat energie balance approach to determine the changes in the water
temperature and related changes in the dissolved oxygen concentration due to an
increase in mean atmospheric temperature in the Shasta-Trinity-System and the
Sacramento River located in the Central Valley of California.

INTRODUCTION

Aquatic ecosystems are highly influenced by numerous exchange processes, €.g.
precipitation, evaporation, radiation, between atmosphere and hydrosphere.
Therefore, changes of any of the principal atmospheric variables (temperature,
vapor pressure, humidity, air quality) and the hydrologic cycle evoke significant
impacts on the reservoirs of water mass (solid, liquid, gas), their thermal energy
and related water quality. For example, a change in air temperature elevates the
snow line in mountainous regions, increases the melt rate, and thus shifts the
quantity and timing of the flux of cold water. On the other hand, surface water
temperatures will increase due to temperature exchanges with the warmer
atmosphere.

The extreme complex physical, chemical and biological interactions between
atmospheric, hydrologic and water quality variables do not yet allow the
simulation of all these processes. However, there are useful approaches which
can represent the essential key interactions between the atmosphere and hydro-
sphere. Application of such models will be explained in the following section.
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HEAT ENERGY BALANCE

The net change of thermal energy in a control volume in a surface water body is
the sum of net heat exchange at the air-water interface qp, the flux of heat to and
from the bottom sediments q. and the amount of external heat entering or
leaving the control volume q;. The source and sink term for the full heat balance
to predict the one-dimensional distribution of thermal energy can be written as

_5_6_’:(([ +q,+q,)
d n c

¢, p-h (1)
where:
0  water temperature [°C]
t time [min]

q, net heat exchange at air-water interface [ly/min]
q.  net heat exchange at ground-water interface [ly/min]
q, external heat inflows and outflows [ly/min]

c, specific heat capacity [cal/g/°C]

P density [g/cm3]
h depth of flow [cm]

The effects of climate changes on the heat balance are incorporated into the
components of q, and q.

Net heat exchange at the air-water interface, qn
Figure 1 shows the five components describing the net heat exchange at the air-
water interface with typical values.
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qws = water surface radiation 85
(600-900 ly/d) (600-850 ly/d)

gsn = net solar radiation
(100-700 ly/d)

qh = conductive heat flux
(-90-100 ly/d) (550-2000 ly/d)
external

heat sourcR\

gc = bed conduction

qat = net atmospheric radiation

Fig. 1: Components of net heat exchange with typical values

Each of these components is affected by the properties of the atmosphere,
some depend on the water temperature, and some are interrelated.

Gy =y + ot T G T4 + (2)

Within equation 2 the main heat sources are the net short wave radiation qgp
which can be described as the solar beam radiation reduced by scattering and
absorption in the atmosphere and the long wave radiation qa¢ from the overlying
air mass. Long wave radiation is mainly influenced by air temperature and
humidity. Evaporation qe driven by the vapor gradient between the water surface
and the dry air above and long wave back radiation from the waterbody Qs
based on the Stefan-Boltzman law cause heat losses into the atmosphere. The
most common approach to compute the sensible heat flux g, is to relate it to the
evaporation flux by means of the Bowen ratio. It is a function of the temperature
differences between water and air.

The equations for the different components are given below. For detailed
information of their derivations and alternative approaches we refer to Meyer
and Orlob [1] and McCutcheon [2].

qe = evaporation heat flux }
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-Net solar short wave radiation qqp

q, =q,-a,-(1-0.65C*)-(1-R)) 3)
where:
q, radiation intensity at the top of the earth's atmosphere [ly/min]

a atmospheric transmission term

C cloudiness as fraction of sky covered [%)]

Rg  water surface reflectivity = 0.03

-Net atmospheric long wave radiation qa¢

q,=0.937-10"-0-7°-(1+0.17C?)-(1-R,) 4)
where:
o Stefan-Bolzman constant = 8.125-10 -11 [ly/min]
T,  absolute air temperature [°K]

-Water surface radiation gy g

Q. =¢0T, )
where:
Tws temperature of water surface [°K]
£ emissivity for a water surface = 0.97

-Evaporation heat flux qo

q.=p, L, L (6)

where:

p,  water density [g/cm3]
latent heat of vaporazation = 597.1-0.57- 6, [cal/g]

L
6,  average water surface temperature [°C]
E net evaporation rate [cm/min}

-Sensible (conductive) heat flux Qe

9,=9.-B @)

where:

B Bowen's ratio = 0. 66~|:_9£;£"_] P
eO - ea po

90 water surface temperature [°C]

6. dry bulb air temperature [°C}]

€0 saturation vapor pressure at water surface temperature [mbar]
€, actual vapor pressure [mbar]
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Pg  atmospheric pressure [mbar]
P atmospheric pressure at sea level = 1013 [mbar]

Substituting equations 3-7 into equation 2 leads to a complex function for
the net heat exchange qy, which allows estimation of the value of qy for a given

water temperature 8,.

Net heat exchange at the ground-water interface q.

The bed conduction is proportional to the gradient of temperature in the soil-
water medium. Thus the ground-water heat flux becomes

6,-9,
q,= g‘(—-——) (8)

-
“

where:
Kg conductivity coefficient [ly:m/min/°C]

6,  water surface temperature [°C]

93 soil-water temperature [°C] at depth z [m]

Bed conduction is important when predicting the diel evolution of tempera-
ture in a shallow stream.

Equilibrium Temperature

The equilibrium temperature 6, is that temperature at which the net heat flux
becomes zero.

9, =4,(0)+q.(6)=0 )]

With given specific atmospheric conditions the exogenous fluxes qg, and
qgt are known and the water temperature balancing the components qyys, de, 4h
and qc, of equation 9 can be determined. This temperature is the so-called

"equilibrium temperature", 6,.

The rate of change of temperature within the water body is given by

9 &
c phl - G

6-6,)=K(6-6,
,phZ=2(g-6) - K(6-0)

(10)

Integration of equation 10 with respect to time leads to

9,=9e+(6’1—90)~e)<p[ ks ] (1)
¢, p-h
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which states that under steady state conditions the water temperature tends
towards the equilibrium temperature.

CASE STUDY: CENTRAL VALLEY CALIFORNIA
The heat energy balance approach for predicting water temperature changes due

to atmospheric changes is applied to a river-reservoir-system in the Central
Valley of California (fig. 2).

Keswick
Shasta Lake

Redding

Clear Creek Cow Creek

Bear Creek

Cottonwood Creek Battle Creek

Red Bluff g

Sacramento River

Figure 2: Shasta-Reservoir and Sacramento-River System

Releases from the Shasta-Trinity-Reservoir-System discharge into the
Sacramento River, the habitant for salmon species. To guarantee an undisturbed
evolution of this species fresh water with temperatures below 13°C are required.
Otherwise the normal cycle of development will be interrupted.

Field investigations and modeling studies of stream and reservoir tempera-
tures have demonstrated that the Sacramento River spawning areas are con-
trolled by discharges of cold water from upstream impoundments. Climate
changes, e.g. due to a doubling of CO», could endanger the habitant for salmon.
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This case study outlines the consequences of climate changes on the water
quality within the Shasta Reservoir and the Sacramento River emphasizing
temperature.

Climate change scenarios and boundary conditions

Two scenarios, simulating temperature and dissolved oxygen in the Shasta Lake
and the Sacramento River, will be compared. Scenario I is the base case which
has been developed using historic meteorological, water quality and reservoir
operation data. According to hydrologic and meteorologic predictions by Global
Climate Models (GCM's) scenario II (doubling of CO») is generated. The key
boundary conditions of the base case and the 2xCO; scenario are summarized in
figure 3.

Base Case, 1x CO2 Climate Change, 2 x CO2
Air |DewP.| Wind | Sky |Runoff| Air [DewP.| Wind | Sky [Runoff
Month | Temp. | Temp. Cover Temp. | Temp. Cover
°C “C nvs |fraction| m¥s °C °C m/s |fraction| m¥/s

Jan 806 | 0.13 286 | 0.66 |250.00) 11.89 | 492 | 4.01 0.77 |310.00
Feb | 1067 | 121 322 | 055 |360.00}] 14.58 | 585 569 | 0.73 | 560.00
Mar | 1244 | 351 362 | 060 |460.00| 16.59 | 7.63 51 0.84 | 900.00
Apr | 1567 | 536 | 340 | 0.62 [250.00| 20.16 | 8.68 | 2.56 | 0.53 |250.00
May | 20.39 | 6.62 375 | 049 |200.00) 2523 | 9.13 27 0.25 |200.00
Jun | 2494 | 893 367 | 037 |[120.00] 30.05 | 10.78 | 4.19 | 0.29 |120.00
Jul 2861 | 978 | 331 0.16 [110.00] 33.82 | 11.34 | 3.12 0.1 |110.00
Aug | 2733 9.21 304 | 020 |[100.00} 32.46 [ 1092 | 2.13 | 0.13 | 100.00
Sep | 24.56 | 6.84 299 | 026 [110.00} 2943 | 9.11 14 0.12 | 110.00
Oct 19.00 | 6.32 291 0.36 | 12000 23.54 | 9.38 39 0.51 | 120.00
Nov | 12.11 | 4.63 291 0.53 |140.00] 163 | 853 | 237 | 0.66 | 120.00
Dec 8.50 126 | 3.08 | 0.54 |250.00] 1243 | 577 2.8 0.37 | 125.00

Fig. 3: Key boundary conditions: Base case and 2xCO, Scenarios

Tributary inflow temperatures were calculated with the equilibrium
temperature approach. Following the method outlined in section 2 the
equilibrium temperature was calculated for each month of the year, using historic
mean values of the key parameters as noted above. Comparison of the calculated
equilibrium temperatures for the head waters with those observed under historic
conditions, as shown in figure 4, reveals a good approximation of the annual
temperature cycle. The same procedure was applied for the 2xCO7 scenario to
evaluate the changed inflow temperatures.
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Fig. 4: Historic inflow temperatures and calculated inflow temperatures

Simulation results, Shasta Lake

Figure 5 shows the outflow temperatures through the penstock of Shasta
powerhouse for the two cases, which in turn define the headwater conditions for
the Sacramento River. The outlet temperatures for the 2xCO, scenario are
about 2 to 4°C higher than in the base case. Note that the period during which
the outlet temperature exceeds the threshold increases also.
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Fig. 5: Outflow temperatures through Shasta Powerhouse
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Simulation results Sacramento River

Meteorological boundary conditions for the Sacramento River are taken equal to
those of Shasta Lake (fig. 3). Headwater flows are provided by releases from
Shasta Lake. Dissolved oxygen concentrations taken as input to the Sacramento
River are slightly below saturation in the tributaries.

Figure 6 illustrates the yearly distribution of temperature and dissolved
oxygen at Red Bluff, at the downstream end of the simulated river reach,
approximately the limit of salmon spawning area. The cycle is typical for a river
in the middle latitudes of the nothern hemisphere, with the lowest levels in
January and February and peak levels in August and September.
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Fig. 6: Yearly distribution of temperatures and oxygen concentrations at Red
Bluff

In the 2xCO scenario temperatures are higher throughout the whole year
with differences between 1.5 and 4 °C. The period when temperatures are above
13.3 °C is prolonged to about seven months seriously endangering the salmon
habitant.

The distribution of dissolved oxygen over the year is governed mainly by the
effect of temperature on oxygen saturation. For example an increase in
temperature due to climate change is accompanied by a decrease in dissolved
oxygen concentration.
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CONCLUSIONS

A heat energy balance approach has been presented and used to determine the
impacts of climate change, due to a doubling of CO7 in the atmosphere, on
water quality. The primary impacts are changes in temperature and hydrologic
fluxes to Shasta Lake and the Sacramento River. The effects on the temperature
and dissolved oxygen concentrations in the river downstream induced by these
changed boundary conditions are illustrated. The temperature, already endan-
gering the spawning fish, would be further increased and the period of critical
conditions further extended. Dissolved oxygen concentrations decrease
significantly, primarily due to the associated increase in water temperature.

Further secondary impacts of climate changes on the aquatic environment,

e.g. increases of nutrients and organics, or variation in biological cycles, are
subjects for future investigations.
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