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AIR-WATER GAS EXCHANGE AND THE CARBON CYCLE OF
GREEN BAY. LAKE MICHIGAN

by

James Touchstone Waples

The University of Wisconsin - Milwaukee. 1998

Under the Supervision of Dr. J. Val Klump

The purpose of this study was to constrain estimates of the kinetics of gas transfer
across the air-water interface as well as quantify the net flux of carbon between southern
Green Bay (1635 km®) and the atmosphere.

In 1994 and 1995. over 3500 measurements of surface water CHs and CO- were
made using a continuous sample disk equilibrator. Estimates of CH, flux from southern
Green Bay to the atmosphere based on air-water concentration gradients, shear corrected
wind speeds and the U/K (wind speed / transfer coefficient) relationship of Broecker et al.
(1978) agreed to within ~10% of the estimate of CH, influx from sediments and rivers
(Klump and Fitzgerald (1998) and this study). Corrections for wind shear based on air-
water temperature differences resulted in flux estimates that were ~30% higher than those
based on a neutral diag coefficient of 1.3 x 10”. The implied support for the U/K
relationship of Broecker et al. (1978) suggests that the kinetics of air-water gas exchange
are ~2.2 times higher than that predicted by the frequently used U/K relationship of Liss

and Merlivat (1986).

iii
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Southern Green Bay exported 13 x 10" moles CH, yr'' in 1994 and 16 x 10’ moles
CH, yr'' in 1995. Inter-annual differences in CH, flux were shown to be largely due to
dramatic differences in wind direction—which altered the hydrodynamics of the bay and
ultimately. sediment temperatures. In Sturgeon Bay (a shallow. isolated section of the
study site), spatially weight averaged CH, concentrations rose by a factor of 2.1 for every
10°C increase in water temperature (r° = 0.82); CH, flux to the atmosphere increased by a
factor of 1.8 (r* = 0.46).

Southern Green Bay exported 180 x 10’ moles of CO; to the atmosphere in 1994
and 240 x 10" moles of CO- in 1995. However. the spatial and temporal direction and
magnitude of flux were far from uniform. Using published rates of primary productivity,
the ratio of areal primary productivity to heterotrophic respiration as a function of distance
from the Fox River is presented along with a preliminary budget for allochthonous carbon

inputs.
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Chapter 1

Introduction

Carbon is arguably the keystone element in an ecosystem and an understanding of
the carbon cycle is essential to understanding how an ecosystem functions. However. the
chemistry of both organic and inorganic carbon is complex and the flux of carbon within
and between biological and non-biological compartments can be rapid.

On a global scale. many aspects of the carbon cycle are still poorly understood. Of
primary concern is a better understanding of the role the ocean plays as a sink for
atmospheric CO-. This is difficult not only because of the ocean’s size and heterogeneity.
but also because the rate of CO, uptake is very close to the rate of CO- release
(Siegenthaler and Sarmiento 1993, Sarmiento and Sundquist 1992, Tans et el. 1990). For
this reason, many process-oriented studies of the carbon cycle have been carried out in
more manageable systems such as lakes.

In the Great Lakes and their estuarine-like bays, large gradients in both physical
and biological forcing over small spatial and temporal scales produce disequilibria in the
carbon dioxide system that are relatively easy to measure. Moreover, because these lakes
are essentially closed systems. a carbon mass balance can be constrained much more easily
than in an open system such as the ocean.

The task is far from simple though. Along with complex chemical and biological
transformations, several carbon species— namely carbon dioxide and methane—are

volatile and pass freely across the air-water interface. Resolving fluxes within the carbon
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cycle and closing the carbon budget. therefore, requires an unusually large suite of
measurements.

Several key components of a carbon budget for southern Green Bay have been
measured by Klump and Fitzgerald (1998) (Figure 1-1). These include estimates of
organic carbon sedimentation, burial and bacterial remineralization (Figure 1-2). The
objective of this study was to determine the net exchange of carbon between the southern
bay and atmosphere.

To estimate the flux of carbon across the air-water interface, several approaches
were possible. A mass balance approach required measuring all other sources and sinks of
carbon to southern Green Bay (see Eadie and Robertson 1976). The difference between
the carbon sources and sinks would approximate the net flux of carbon to the atmosphere.
However. due to the relatively high concentration of inorganic carbon (~ 2.3 mM). any
error in the flushing rate with northern Green Bay (past Chambers Island) would have
resulted in a large error in air-water carbon exchange (see Miller and Saylor 1993).

Measuring the change in the ratio of the stable isotopes of dissolved inorganic
carbon over time has also been used to estimate air-water carbon exchange. but only in
lakes with low concentrations of inorganic carbon (Quay et al. 1986. Herczeg 1987). In
Green Bay. the background concentration of inorganic carbon was so high—and the net
isotopic fractionation of carbon so low—that this method was also of little use (see
Appendix 5). Therefore, estimates of the flux of carbon across the air-water interface were
determined using Fick’s first law.

Fick’s first law states that
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Figure 1-1. a) Green Bay. Lake Michigan (from Torrey 1976). Study site includes all area
south of Chambers Island to the mouth of the Fox River. b) Bathymetry of southern Green
Bay.
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Figure 1-2. Preliminary terms in the carbon budget for southern Green Bay as
determined by Klump and Fitzgerald (1998).
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Jaw =K AC,

where J,. is equal to the flux of a gas across the air-water interface. K is an empirically
derived transfer coefficient and AC is the concentration gradient of the gas across the air-
water interface (Liss 1983). While measuring the concentration gradient of carbon dioxide
or methane across the air-water interface was a straightforward process (see Chapter 2 for
methods). measuring or estimating the transfer coefficient was not.

Estimates of K have been determined in the field as well as in wind-water tunnels
and have usually been correlated with concurrently measured wind speeds (see Broecker
and Peng 1984 and Liss 1983). Knowledge of the wind speed, therefore, could be used to
estimate K. Unfortunately, the relationship between wind speed and K is poorly
constrained. Estimates of K for a given wind speed span nearly two orders of magnitude
(Liss 1983, Broecker et al. 1986. Wesley 1986).

Part of the discrepancy may stem from uncertainties in the stability of the air
column—resulting in uncertainties in wind shear over height. Measurements of the
dependency of K on the wind speed have been determined from wind speeds measured at
~ 0.1 to 10 meters above the air-water interface. To standardize these measurements. wind
speeds have typically been scaled to a height of 10 meters by assuming wind speeds
increase with height according to a classical logarithmic profile. In reality. the shear of the
atmospheric surface layer depends on a variety of meteorological factors; the most

significant being the air-water temperature gradient (Kraus and Businger 1994).
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In Chapter 3. estimates of K are determined using several wind speed / transfer
coefficient relationships and hourly wind speeds recorded at a nearby meteorological buoy.
The effects of air-water temperature differences on air column stability are also explored
using a computer program written by Arlindo da Silva (see Appendix 6).

To constrain the relationship between wind speed and K. an independent estimate
of methane flux across the air-water interface is derived in Chapter 4. Methane flux across
the air-water interface was determined as the difference between all other methane source
and sink terms in southern Green Bay (i.e. a methane mass balance). The mean value of K
which supported this flux based upon the observed air-water methane concentration
difference (AC) could then be used to constrain estimates of K based on wind speed.

[n Chapter 5, measured values of the concentration gradient of CO- across the air-
water interface and the constrained estimates of K (derived in Chapters 3 and 4) are used
to estimate the flux of CO, from southern Green Bay to the atmosphere.

Finally. estimates of the ratio of areal primary production to heterotrophic
respiration are calculated using published estimates of primary productivity in Green Bay
(Sager and Richman 1990, 1991). Preliminary constraints on the carbon budget for
southern Green Bay are discussed in light of the estimates of carbon flux across the air-

water interface.
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Chapter 2

Methods
Sampling frequency

Gas concentrations in the surface waters of Green Bay were measured aboard the
R/V NEESKAY on 13 separate cruises (31 days) from November 2. 1993 to November
9. 1995. Shipboard sampling began as early as ~ two weeks after ice out and continued
until icing threatened ship safety in late fall. Additional samples were taken through the ice
of Green Bay in 1995. 1996. and 1997. Sampling through the ice was generally limited to
the months of February and (early) March. The distribution of sampling dates during the
1994-1995 field seasons are shown in Figure 2-1. Specific sampling dates can be found in

Appendix 3.

Spatial coverage

Each cruise generally lasted three days with each day beginning and ending in
either Sturgeon Bay or the Fox River. Transects for each cruise totaled approximately 250
km and covered the southern half of Green Bay from Chambers Island to the Fox River.
Weather, schedule conflicts, and equipment failure occasionally abbreviated or altered the
intended routes. The transects completed during the 1994-1995 field seasons are shown in
Figure 2-2. Water column profiles were measured at seven stations spanning the major
axis of the bay during open water transects (Figure 2-3a). The station designations are
those used by Klump et al. (1997). Winter sampling sites were dictated by ice conditions

(Figure 2-3b). The coordinates for all stations are given in Appendix 1.
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Figure 2-1. Distribution of sampling dates during the 1994-1995 field seasons.
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Figure 2-2. Transects completed during the 1994-1995 field seasons. Coordinate units,
shown in the upper left hand corner. are in UTM (meters). Points reflect methane sampling
coordinates only.
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Figure 2-3. Distribution of profile stations visited during the a) 1994-1995 open water
field seasons and b) winters of 1995-1997. Specific coordinates for each station are given

in Appendix 1.
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Sample collection

Water samples were analyzed while underway and on station. The various
instruments and tools were plumbed according to Figure 2-4. During a transect. water was
pumped continuously from the ship’s bow and split to a) a container housing an array of
Sea-Bird sensors (SB) and b) a disk equilibrator (EQ). The bow pump (BP) inlet was
located ~2 meters below the waterline. Measured flow rates to the Sea-Bird and
equilibrator were approximately 15 and 10 liters per minute respectively. The water stream
was again split just forward of the equilibrator and diverted to an inline YSI oxygen probe
(Y) and Orion pH electrode (B). The flow rate to these instruments was kept at a
minimum to avoid streaming effects. Additional aliquots of water (<10 milliliters per
minute) where withdrawn from the disk equilibrator itself for ZCO, (flow injection)
analysis. The residence time of water on board was very short. A saline spike injected at
the bow pump was detected by the Sea-Bird after 20 seconds (Arthur Brooks, personal
communication). The turnover time for the Sea-Bird box was approximately 2 minutes.

The turnover time for the equilibrator was ~ 1 minute.

Data from the Sea-Bird included time and Loran (L) coordinates which were
coordinated with gas measurements and stored electronically on a computer (C). The disk
equilibrator was used to measure dissolved concentrations of methane. carbon dioxide,
and radon. Details on its operation are discussed below. A typical view of the wetlab is

shown in Figure 2-5.

On station, a submersible pump (SP) and HydroLab (HL) were lowered through

the water column. The water pumped up was either sent to the disk equilibrator for
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Figure 2-4. A schematic of the apparatus used on R/'V NEESKAY during the 1994-1995
field seasons. Abbreviations: (SB) Sea-Bird. (BP) bowpump, (BS) bulk sample water
station. (HL) HydroLab, (SP) submersible pump, (L) Loran, (C) Computer. (B) Orion pH
electrode. (Y) YSI oxygen probe, (FIA) ZCO- flow injection setup, (1) Shimadzu
integrator, (EQ) disk equilibrator, (OW) equilibrator out-wash effluent, (AP) air sample
port, (IRGA) Li-Cor CO; analyzer. (GC) Carle gas chromatograph, (FID) ISR flame
ionization detector. (Stds) gas standards.
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Figure 2-5. Dissolved gas analysis setup on the R’V NEESKAY (1994).
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dissolved gas analysis or diverted to the deck where bulk water samples (BS) were
collected for ?Rn, oxygen and ='°CO, analysis. Data from the Hydrolab were viewed in
real time and used to select sampling depths. Particulate carbon was collected from either
the bulk sample outflow or the equilibrator outwash (OW) and size fractionated for
measurement of organic "C. Water samples were collected with a 5 liter Niskin bottle on
several occasions to check for any systematic effects caused by the pump. None were

found.

Disk equilibrator

Concentrations of dissolved carbon dioxide. methane and radon were determined
using both discrete and continuous water sample techniques. The latter employed the use
of a disk equilibrator as shown in Figure 2-6. The equilibrator consists of a series of
rapidly spinning disks housed within a cylinder. When a continuous stream of water is run
through the cylinder. the spinning disks carry a thin film of water into the overlying
headspace. Since the process of equilibration is chiefly a function of surface area and
turbulence, a dissolved gas within the liquid phase rapidly equilibrates with its gas phase
fugacity (see Appendix 2 for a discussion on gas concentration nomenclature). The
headspace can then be sub-sampled and analyzed to obtain the gas’s mole fraction. To
determine its in situ (lake) concentration, the 1) pressure of the headspace, 2) equilibration
temperature and 3) temperature difference between equilibration and in situ conditions
must also be known. Since it is also desirable to keep a constant headspace pressure. the
headspace is opened directly to the atmosphere via a long narrow tube. Mixing between

the atmosphere and headspace is negligible as long as the volume of water in the
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Figure 2-6. The disk equilibrator. The 60 disks are attached to a central axle and housed in
an acrylic cylinder 60 cm long and 20 cm in diameter. A motor spins the axle (and disks)
at approximately 120-150 rpm. A continuous stream of water runs through the
equilibrator at ~ 10 liters per minute. At steady-state, approximately two thirds (9 liters)
of the cylinder is filled with water. The equilibrator is normally raised at the inflow side as
shown by the water line. The remaining one third contains air. The equilibrator headspace
is kept at atmospheric pressure via a long tube (vent). Mixing between the equilibrator
headspace and atmosphere is insignificant as long as the water volume in the equilibrator is
kept constant. Air within the headspace is rapidly circulated against the flow of water
with a pump. Sub-samples are drawn from a segment of line located between the pump
and a flow meter. Positive pressure forces the air along a ~ 2 meter section of 1/8 inch
tubing to the instruments (flow rate: ~ 2 - 10 mi/sec).
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equilibrator is kept constant. Any fluctuation in water volume can be checked by placing

the end of the vent tube in a vial of water.

The equilibrator used in this study was built by D. R. Schink (see Schink et al.
1970) and based on the original designs of Williams and Miller (1962). Significant
modifications were made according to the suggestions of C. L. Sabine (1994, personal
communication). A brief physical description of the equilibrator is given in the caption of
Figure 2-6. During transect operations, the flow of water through the equilibrator was
adjusted manually with a valve at the inlet to 10 liters per minute. The water volume and
flow rate could also be manipulated by raising one end of the equilibrator or changing the
head of the effluent tube. At steady state, approximately two-thirds (8 to 11 liters) of the
cylinder was filled with water. leaving a headspace of ~ four to seven liters air. The
equilibrator headspace was mixed by pumping against the flow of water at a rate of ~ 10
liters per minute. This arrangement. while not perfect, proved satisfactory in the field.
Water levels in the equilibrator were stable while underway. A small adjustment to the
flow rate typically had to be made while on station. In extremely rough weather. the
heaving of the ship overwhelmed the bow pump and operations had to be canceled.
Approximately 50 milliliters of headspace gas were required for methane and carbon

dioxide analyses. One hundred milliliters were required for radon analysis.

Methane analysis

Methane was measured by gas chromatography using a flame ionization detector.
Gas samples were injected into a 0.412 + 0.001 ml sample loop and flushed into a nitrogen

carrier stream with an Altex 6-way valve. The samples were dried with a Drierite column
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just prior to separation. Separation took place on a 80/100 Porapak Q column at 50 to

100 C. Voltage response from the detector was recorded with a Shimadzu C-R5A
integrator. The mole fraction of methane in each gas sample was determined using one-
point calibration. Methane standards of 9.98 ppm * 2%, 107 ppm * 2%. 9.93 ppm * 5%.

and 17.07 ppm = 10% were obtained from Scott Specialty Gas.

For continuous sample analysis, water saturated (wet) air was sampled directly
from the disk equilibrator headspace and measured for methane. The calculated mole
fraction of methane (xCHs) was multiplied by the measured atmospheric pressure to
obtain the partial pressure of methane (pCH.,) inside the equilibrator headspace. The

dissolved methane concentration inside of the equilibrator was calculated as:

[CH.leq = pCH4 (B/22.414) (2-1)

Differences between the partial pressure and fugacity of methane were assumed to be
negligible. The Bunsen solubility coefficient (B) was calculated using an equation given by

Yamamoto et al. (1976)., where

In B = A + Ax(100/Teq) + As In (Te/100) + S[B; + Ba(Te/100) + By(Te/100)’].  (2-2)

Tq is the equilibrator water temperature (°K), S is salinity (%o). and A and B are the

following constants
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A;=-67.1962
A; =99.1624
A; =27.9015

B, =-0.072909
B, =0.041674
B; =-0.0064603

Salinity was estimated from measured conductivity and temperature using the 1978
Practical Salinity Scale algorithms (Sea-Bird Operating Manual 1995).

An additional correction had to be made due to an apparent lag in equilibration
time. While methane equilibration inside the equilibrator occurred nearly instantly,
equilibration between in situ surface water methane and the equilibrator headspace was
quite slow due to methane’s low solubility (e-folding time ~ 14 minutes). Assuming nearly
instantaneous equilibration within the equilibrator. in situ surface water methane

concentrations were estimated with the equation:

[CHa)im 5w = (Co + AC)/(1-€™). (2-3)

where C, is the observed concentration of methane in the equilibrator at time 0. AC is the

observed change in concentration over time At and b is equal to

b= (f * ch)/VO IHS (2-4)
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where f'is the flow rate of water entering the equilibrator, P, is the Bunsen solubility
coefficient for methane at the observed equilibrator water temperature and volys is the
volume of the headspace.

Discrete water samples were measured using a modified method of Stainton
(1973). The concentration of dissolved methane in a discrete sample of water was

calculated using the equation

[CH;] = (xCH4 * P * volys) / (R * T * volsam *se) (2-9)

where [CH.] is expressed in molarity. xCH4 is the measured mole fraction of methane in
the syringe headspace, P is the measured atmospheric pressure in atmospheres. volys is the
volume of the equilibration (gas phase) headspace. volsam is the volume of the discrete
water sample. R is the gas constant (0.0821 liter atm/mole °K), T is the temperature of
equilibration in °K. and se is the stripping efficiency which is determined empirically by

repeating the entire equilibration process.

Clean air samples were drawn into a 20 ml syringe while underway and analyzed

for atmospheric CH,.

A number of tests were run to determine how quickly the equilibrator responded to
changing methane concentrations and whether or not the modeled corrections described
above adequately corrected for the observed lag in equilibration. Discrete sample analyses
were run simultaneously to check for bias between the two methods. In order to run the

tests. a constant source of methane was required. Tests run in Sturgeon Bay over periods

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

of up to four hours showed surface water methane concentrations could vary by as much
30 nM. Since the tests were usually conducted during (windy) weather days. this is not
surprising. A sufficiently stable source of methane was found in Milwaukee tap water. The
results of one test are presented in Figure 2-7. The gray circles show the (raw) calculated
concentrations of methane derived from the partial pressure of methane measured in the
equilibrator headspace. The concentrations rise exponentially with an e-folding time of
approximately 14 minutes. An exponential fit of the raw data shown by the dotted line
predicted a source concentration of 53 nM CHa. The black circles show the modeled
concentration of methane based on equation 2-3. Excluding the one outlying point that
occurred eight minutes into the test. the model predicted a similar mean concentration of
53 +2 nM. At ~ 105 minutes into the test, the temperature suddenly dropped 0.3° C and
the methane concentration rose ~ 20%. Discrete sample analyses (shown as triangles) gave
a mean concentration of 65 + 2 nM CH,. Continuous sample (equilibrator) analyses run
between the discrete samples averaged 66 + 3 nM CH,. Specific parameters used to
calculate the concentrations shown in Figure 2-7 are given in Table 2-1.

A comparison of raw and modeled methane concentrations determined with the
disk equilibrator on a transect of northern Green Bay on May 24. 1995 is shown in Figure
2-8. The transect began in Sturgeon Bay, ran north into Green Bay, around Chambers
Island and back to Sturgeon Bay (see Chapter 4 for transect chart). In the top panel. the
gray circles show the raw calculated concentrations of methane heading out of Sturgeon
Bay. The open circles denote methane concentrations measured on the return leg. In the
bottom panel, modeled methane concentrations are shown using the same color scheme

(i.e. outbound: gray. inbound: open). The dotted line represents the raw values shown in
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Figure 2-7. Methane method calibration. Continuous and discrete sample methods were
compared using Milwaukee tap water. Gray circles show the calculated (equation 2-1)
concentrations of methane derived from the partial pressure of methane measured in the
equilibrator headspace. The dotted line shows an exponential fit of the raw data. The black
circles show the modeled concentration of methane which were calculated using equation
2-3. At ~ 105 minutes into the test, the temperature suddenly dropped 0.3° C and the
methane concentration rose ~ 20%. Samples run after the concentration shift are grouped
inside of the box. In the statistical table below the graph, [CH.:]mod: is for modeled methane
concentrations (black circles) outside of the box excluding the outlying point at ~8
minutes. Exp Fit gives the predicted source concentration at /e. [CHa]mod2 represents the
modeled methane concentrations (black circles) inside the box and [CHa]aiscreie represents
the discrete samples indicated by open triangles.
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Table 2-1. Parameters of the methane calibration test . The parameters needed to calculate
the values shown in figure 2-7 are shown below. The 1* column shows time of
measurement in minutes. the 2" column denotes whether the measurement was
determined using the continuous (eq) or discrete method, the 3™ column gives the mole
fraction of methane measured from either the equilibrator headspace or syringe headspace.
P, is the measured atmospheric pressure; Toom is room temperature; T is the measured
equilibrator water temperature; warming is the amount of warming the water experienced
from the source to the equilibrator in °C; sal is the estimated salinity in %o: b is the
equilibrator response constant based on the Bunsen solubility coefficient (a functlon of
temperature). a headspace volume of 6 liters and a flow rate of 11 liters min™'; se is the
stripping efficiency; volam and vols are in milliliters; [CH.] gives the raw concentrations
on the molarity scale; [CH.]mos gives the modeled concentration on the molarity scale.
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[ time (min}) type x(CH4) Patm Troom Teq wamming sal (PSU) b se  vol(sam) vol(hs) [CH4] [CH4]modI

1.26 eq 795 00984 ' 14.4 0.1 0.15 0.0717 . ¢ * 0.014

435 eq 12.82 0.984 ¢ 144 0.1 0.15 0.0717 * ‘ * 0.022 0.056
8.09 eq 1443 0.984 * 14.4 0.1 0.15 0.0717 ‘ . ‘ 0.025 0.034
13.07 eq 19.41 0.984 ‘ 14.4 0.1 0.15 0.0717 * . y 0.033 0.053
17.84 eq 22.18 0.983 ‘ 14.3 0.1 0.15 0.0719 * ‘ . 0.038 0.050
23.82 eq 24.91 0.983 ‘ 14.3 0.1 0.15 0.0719 * ¢ * 0.043 0.052
31.98 eq 27.63 0.983 * 14.2 0.1 0.15 0.072 ¢ * * 0.048 0.054
38.87 eq 28.89 0.983 ‘ 14.2 0.1 015 0.072 y . ¢ 0.050 0.053
45.49 eq 29.99 0.983 * 14.2 0.1 015 0.072 * * ¢ 0.052 0.055
51.58 eq 3049 0.983 ¢ 14.2 0.1 0.15 0.072 * * * 0.053 0.054
56.90 eq 30.23 0.983 * 14.2 0.1 0.15 0.072 ‘ * * 0.052 0.051
63.06 eq 29.72 0.983 * 14.2 01 0.15 0072 * * * 0.051 0.050
69.34 eq 30.23 0.983 ¢ 14.2 0.1 0.15 0.072 * ¢ ¢ 0.052 0.052
75.25 eq 3044 0.982 * 14.2 01 0.15 0.072 ¢ ¢ * 0.052 0.053
81.82 eq 30.67 0.982 * 14.2 0.1 0.15 0.072 ¢ ¢ * 0.053 0.053
93.81 eq 3068 0.982 * 14.2 0.1 0.15 0.072 * * * 0.053 0.053
100.65 eq 30.34 0.982 * 14.2 0.1 015 0.072 * ' ¢ 0.052 0.051
110.70  discrete 2.44 0.982 22 ) * * * 0937 3035 19.65 | 0.064 ¢
116.43 discrete 2.35 0.982 22 * . * * 0.833 2994 20.06 | 0.064 *
122.60 discrete 2.40 0.982 22 * * ¢ * 0935 2999 20.01 | 0.085 *
130.74 eq 39.21 0.982 ¢ 13.9 01 0.15 0.0725 * * * 0.068 0.070
136.57 eq 38.47 0.982 * 14 0.1 0.15 0.0723 ¢ ¢ ‘ 0.067 0.064
142.21 eq 38.16 0.982 ¢ 14 0.1 0.15 0.0723 * * . 0.066 0.065
158.55 discrete 2.48 0.982 22 . * . * 0919 29.84 20.16 | 0.068 ¢
166.70  discrete 2.46 0.982 22 ¢ * * * 0.940 30.07 19.93 | 0.066 *
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Figure 2-8. Raw and modeled surface water methane concentrations determined with the
disk equilibrator on a transect of northern Green Bay on May 24, 1995. See Chapter 4 for
transect chart.
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the top panel. As expected. the raw values show a significant discrepancy south of UTM
4980000. High levels of methane in Sturgeon Bay dropped faster than the equilibrator
could respond when the NEESKAY entered Green Bay. On the return trip, the raw
methane values accurately marked the boundary between Green Bay and Sturgeon Bay
water masses but greatly underestimated the true concentration. The modeled values on
both legs of the transect agreed with each other and with the raw values when the in situ
methane gradient decreased to a level the equilibrator could keep up with. It should also
be noted that while it was important to use the modeled methane concentrations for
comparisons with physical scalars. it made little difference whether raw or modeled values
were used to determine average methane concentrations for Green Bay on the whole.
Using the modeled concentration values presented in Figure 2-8. the spatially weight
averaged concentration over the entire transect area bounded by the shoreline of Green

Bay was 46.1 nM. The raw concentrations averaged 47.9 nM.

Carbon dioxide analysis

During the past decade. continuous sample equilibrators have been routinely used
in conjunction with infrared gas analysis to measure dissolved carbon dioxide. The
equilibration methods used in this study were similar to those described by Wanninkhof
and Thoning (1993). DOE (1994). and Sabine et al. (1994). CO; equilibrium between the
headspace and water sample was generally reached within several minutes with an e-
folding time of less than 1 minute (Sabine et al. 1994). CO: equilibrated much faster than
methane primarily due to the fact that the solubility of CO- is ~25-30 times greater than

that of methane.
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The method of infrared gas analysis in this study differed significantly from the
papers cited above. In Wanninkhof and Thoning (1993), for example, gas from the
equilibrator headspace was allowed to flow continuously through the sample cell of a Li-
Cor CO; analyzer at a rate of ~ 75 ml min”' for 23 minutes. The response from the
analyzer was recorded after 3 minutes and averaged over 20 minutes. During shipboard
analyses. this translated to an 8 km average while underway. While this would pose no
significant problem in a relatively homogenous environment like the ocean. this can not be
said for Green Bay where the fugacity of dissolved CO- can change several hundred
micro-atmospheres over the distance of a kilometer. The introduction of ~ 1.5 liters of
(outside) ambient air into the equilibrator headspace would also have significantly altered
the equilibration time for methane (which was being measured concurrently). It was
decided therefore to inject a small standard volume of sample into a nitrogen carrier
stream that ran continuously through the sample cell of a Li-Cor 6252 CO- analyzer. The
response of the analyzer was then recorded on an integrator. Standards were run in a
similar fashion and the resulting peak heights were fit to their respective mole fractions

using a second order polynomial equation. Reproducibility was generally better than 1%.

Both sample and reference cells of the Li-Cor analyzer were flushed continuously
with N, at a metered flow rate of 20 milliliters per minute and vented directly to the
atmosphere. Samples and standards were introduced into the sample cell through a 0.326
+0.001 ml sample loop with an Altex 6-way valve. It was assumed that gases reached
room temperature before being flushed into the Li-Cor. A thermistor measuring gas

temperatures inside the Li-Cor sample cell showed no systematic difference between
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equilibrator and standard samples. The analyzer voltage output was recorded on a
Shimadzu C-R5A integrator. Water vapor was removed prior to the sample loop by
passing all samples through a Perma Pure Dryer and Drierite. At least three replicates of
three standards were run every one to two hours depending on changes in room
temperature or atmospheric pressure. The standard concentrations were chosen to bracket
observed in situ concentrations. Standards of 100 ppm. 101 ppm, 299 ppm. 501 ppm.

1011 ppm and 1.00 % carbon dioxide in nitrogen were obtained from Scott Specialty Gas.
Additional standards of 2023 ppm and 2710 ppm CO. in N> were obtained from Linox. All

standards were rated at + 2% accuracy.

An inter-lab comparison between continuous and discrete sampling methods was
conducted in Egg Harbor (Green Bay) on July 12" 1996. The CO. concentrations
measured with the disk equilibrator were determined using a set of standards obtained
from Scott Specialty Gas. The discrete sample CO- concentrations were determined by
Susan Boehme at the Lamont Doherty Earth Observatory using a set of standards
calibrated to WMO (World Meteorological Organization) CO, standards. Based on 3
surface water (~2 meter depth) measurements, the disk equilibrated samples had a mean
wet fugacity of 486.0 + 0.6 patm. Only one discrete sample from a depth of ~2 meters
was run with a reported wet partial pressure of 487.46 patm. Converting both sets of
samples back to mole fractions in dry air (at in sifu temperatures). the continuous sample
mean concentration of 510.1 + 0.6 ppm compared well with the discrete sample
concentration of 509.94 ppm. The raw data values measured during the continuous

sample analyses are presented in Table 2-2. The equations used to calculate in situ
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Table 2-2. Continuous sample fCO; calculations from Egg Harbor on July 12", 1996. See
text for equations used to calculate each parameter. “RT" = integrator retention time in
minutes. “PK HT™ = integrator peak height. *xCO," = mole fraction of CO- (ppm) in dry
air. “eq temp” = the temperature (C°) of water inside the equilibrator. “wat temp” = the in
situ (bay) temperature (C°). “warming” = eq temp - wat temp. “pressure” = atmospheric
pressure in hPa. Salinity is in %o. “Patm” = the atmospheric pressure in atmospheres. “Pw™
= the partial pressure of water vapor in atmospheres. “B(vc) = the virial coefficient for
CO,. “sigma(cvc)” = the cross virial coefficient for CO; and air. *‘eq fugacity™ = the
fugacity of CO, in water saturated air inside the equilibrator headspace in units of micro-
atmospheres. “din fCO2/dT” = the natural log of the change in the fugacity of CO, caused
by the temperature change between in situ and equilibrator conditions. “in situ fCO2™ =
the fugacity of CO; in water saturated air that is in equilibrium with in situ [CO.]. “in situ
xCO2" = the mole fraction of CO- at in situ conditions in dry air. The xCO2 eq” values
were calculated using the 2 order polynomial “STANDARD CURVE" which in turn was
generated from the results of the 10 standard runs shown.
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date: 12-Jul-96

site: EGG HARBOR

analysis: surface water CO2 comparison with discrete sample analysis
method:  disk equilibrator

SAMPLE RT PKHT xCO2eq eq temp wat temp warming pressure salinity
minutes ppm (dry) C [ C hPa psu
1 49 2272 510.10 19.3 19.33 -0.03 991 0.14
2 6.8 2269 500.42 19.3 19.33 -0.03 991 0.14
3 8.9 2267 508.98 19.3 19.33 -0.03 991 0.14
SAMPLE Patm Pw B(vc) sigma(cvc)  eq fugacity din fCOZ/dT Tn 8itu fCOZ __ In situ xCO2
atm atm uatm
1 0.078 0.022 -128.624 23.191 486.00 -0.0012
2 0.978 0.022 -128.624 23.191 485.36 -0.0012
3 0.978 0.022 -128.624 23.191 484 .94 -0.0012
Standards RT pk ht STANDARD CURVE
ppm
101 1.2 421 b[0] 4.94586
101 12 423 bf1] 0.2202528
101 13.9 420 bf2] 9.178E-07
299 15.6 1371 rt 0.9985439
299 173 1372
209 18.6 1357
s01 19.9 2204
501 21.2 2175
1011 228 4503
1011 241 4474
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fugacities from CO, mole fractions determined from the equilibrator headspace are given

below.

For continuous sample analysis, the procedure for calculating in situ carbon
dioxide concentrations are described at length in DOE (1994) and Murphy et al. (1995).
The equations below are taken from Murphy et al. (1995).

The fugacity of carbon dioxide in the equilibrator was calculated as

f(CO?.)eq = x(CO2)cq * (Pam - Pw) * CXP[Pmm(B + 26) / RT] (2'6)

where x(COx) is the measured mole fraction of carbon dioxide in dried equilibrator air.
P,.n is the total barometric pressure, P, is the partial pressure of water vapor inside the
equilibrator. B is the virial coefficient for carbon dioxide (a correction for non-ideal
behavior between CO» molecules), & is the cross virial coefficient for carbon dioxide and
air (a correction for non-ideal behavior between CO» molecules and the remaining gases
found in air). R is the gas constant (82.056 cm’ atm/mole °K) . and T, is the temperature
of water in the equilibrator in °K.

Teq> Pam, and x(COa).q Were measured directly or estimated by means described
below (see barometric pressure and temperature sections). P,, was calculated using an

equation trom Weiss and Price (1980). Assuming 100% relative humidity:

In P, = 24.4543 - 67.4509 (100/T.q) - 4.8489 In (T./100) - 0.000544S (2-7)
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where S = salinity in %o and T.q is the temperature of water inside the equilibrator in °K. B

was estimated using a power series given by Weiss (1974):

B =-1636.75 + 12.0408T,, - 3.27957 * 107Tey" + 3.16528 * 10° T’ cm’/mole  (2-8)

The cross virial coefficient & was also determined by Weiss (1974) as:

8 =57.7- 0.118T cm’/mole (2-9)

To calculate the fugacity of carbon dioxide in equilibrium with the surface waters
of Green Bay, an additional correction had to be made for any change in temperature the
water experienced while in transit to the equilibrator since temperature affects not only the
solubility of CO- but also the carbonate equilibria. An equation describing the change in

fugacity with respect to temperature is given by Weiss et al. (1982):

Aln f(CO3)/ At =0.03107 -2.785 * 107t - 1.839 * 10”In f(CO:) (2-10)

where f(CO.) in this case is the fugacity of CO: in the equilibrator headspace. t.q is the
equilibrator water temperature in °C. and At is the equilibrator temperature minus the in
situ water temperature in °C. During the 1994 - 1995 transects, At was always positive
and ranged from ~ 0.0°C in the summer to 0.9°C in early spring and late fall.

The warming corrected in situ fugacity was calculated as:
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S(CO)w = exp(In f(COz)¢q - Aln f(CO)z) (2-11)

The warming corrected (in situ) mole fraction of carbon dioxide in dry air was

back-calculated by rearranging equation 2-6 as:

X(CO2)w= f(CO2)w / ((Pam - Pw) * exp[Pam(B + 28) / RT}) (2-12)

where T. P.. B and & were calculated using in situ lake temperatures.
The concentration of carbon dioxide was calculated using the equilibrium constant

of Weiss (1974). For

Ko =[CO:']/ f(COn). (2-13)

In Ko =93.4517(100/T) - 60.2409 + 23.3585 In (T/100) +

S$[0.023517 - 0.023656(T/100) + 0.0047036(T/100)*] (2-14)

where T is the in situ temperature in °K. S = salinity (%o), and [CO-"] in equation 2-13 is
expressed on the molality scale and represents the sum of [CO;] + [H,CO;s]. It should be

noted that [CO.] = [CO-'] and the two are used interchangeably unless otherwise noted.

Discrete sample CO; analyses were performed on only a few samples collected
during the winter. Discrete samples collected from under the ice were agitated (spun) for

15 minutes at surface water temperatures (or snow) in 2 liter syringes with a gas:liquid
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phase ratio of ~1:100. Ambient air was used to displace the headspace. As the syringe
plunger was free to move, it was assumed that equilibration was carried out at
atmospheric pressure. The headspace was then transferred to a dry syringe for later

analysis.

Rigorous calculation of [CO-] content in a discrete sample is quite complicated
(DOE 1994). In simple terms, a known volume of air is allowed to equilibrate with a
known volume of water in some sort of container. As carbon dioxide equilibrates between
the two phases, the total inorganic carbon content in the liquid phase changes; the
alkalinity does not. This sets up a series of adjustments between the carbonate species
which ultimately affects the fugacity of carbon dioxide in the headspace. The fugacity of
the perturbed sample is calculated and used along with the measured ZCO- of the original
sample to determine the ZCO- of the perturbed sample. The fCO; and ZCO- of the
perturbed sample are then used to calculate alkalinity using a series of equilibrium
constants. Finally. the alkalinity and ZCO- of the original sample are used to back-
calculate the fCO; in equilibrium with the undisturbed sample.

DOE (1994) shows that for an air:water sample volume ratio of ~ 1:9. a ZCO-
concentration of ~ 2mA/. and a measured (disturbed sample) pCO of 343.7 patm. the
corrected partial pressure of carbon dioxide was 341.1 patm: a 0.7% decrease. Since the
magnitude of the perturbation is proportional to the air:water volume ratio, the air:water
sample volume ratio was increased to ~1:100 and mass balance corrections were ignored.

This resulted in a probable bias of < 0.5% above the real fugacity.
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Clean air samples were drawn into a 100 ml syringe while underway and analyzed
for atmospheric CO-. The samples were allowed to warm to wetlab temperatures before

injection into the sample loop.

A number of discrete water and air samples were collected by Susan Boehme in
1995. Carbon dioxide analyses were run in John Goddard’s laboratory at the Lamont
Doherty Earth Observatory using a set of primary standards traceable to WMO (World

Meteorological Organization) CO- standards.

2CO;, and Alkalinity

Bulk water samples for ZCO- and alkalinity analysis were collected on profile
stations in accordance with the recommendations described by DOE (1994). Each sample
was poisoned with 0.1 ml of a saturated mercuric chloride solution. stoppered with
Apiezon ® L grease, secured and stored in a refrigerator until analysis. Coulometric
analyses of ZCO, were run by Brian Eadie at the Great Lakes Environmental Research
Laboratory in Ann Arbor. Michigan and Susan Boehme at Princeton University. Gran

titration alkalinities were run by Susan Boehme at Princeton University.

During the second year of this study (1995). total carbon dioxide was measured
while underway using a flow injection analysis method described by Hall and Aller (1988).
Standard solutions were prepared from dried sodium bicarbonate (J. T. Baker Chemical
Co.. 99.7% assay) and weighed out on a Mettler micro-balance. Problems associated with

the ship’s power supply and temperature regulation resulted in significant baseline drift in
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the conductivity detector. Precision across the range of £CO. measured (2.1 - 2.9 mM)

was ~ t 5%.

Additional estimates of ZCO- were obtained manometrically during £"°CO,

analysis of 10 ml water samples (see Appendix 5).

pH

During the 1994 field season, surface water pH was measured with a Sea-Bird
(SBE 30) pH sensor. The sensor was calibrated before each cruise with commercial buffer
solutions traceable to NBS standards and stored in a KCl saturated pH 4 buffer solution

when not in use. Accuracy was probably no better than + 0.1 pH units.

In 1995. an Orion semi-micro Ross combination pH electrode and thermistor were
inserted into the water stream just forward of the disk equilibrator. pH values were read
with a Beckman pH meter with automatic temperature compensation. Two point
calibrations were performed several times each day using commercial buffer solutions
traceable to NIST standards. Water flow across the probe membrane could be adjusted
independently of the equilibrator flow rate. Precision across the range of temperatures

measured was probably better than + 0.03 pH units.

Stable isotope analysis

Samples for inorganic °C analysis where collected at all profile stations during the
1995 field season. A syringe was used to carefully draw 10.0 ml of bulk water flowing

from the submersible pump. The sample was then gently injected into a pre-combusted 15
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ml Pierce vial containing ~20 ul of saturated mercuric chloride solution and a micro stir-
bar. The vial was quickly sealed with a Pierce neoprene septum and crimped with an

aluminum closure. All samples were refrigerated and stripped within three weeks.

Carbon dioxide was extracted and purified with phosphoric acid and a flow-
through cryogenic stripping line based on a design used by Chris Martens and coworkers
(Howard Mendlovitz, personal communication). The samples were acidified and degassed
in their original vials by inserting needles through the neoprene septa. The bore of the gas
uptake needle was large enough so as not to cause isotopic fractionation. Leaks around
the septum were checked for with a drop of Snoop ®. Samiples were acidified with 1 ml of
phosphoric acid that had been stripped with a steady stream of helium for >2 hours.
Samples were mixed with a magnetic stirrer placed under the vial. Water vapor was
removed through a magnesium perchlorate column. Carbon dioxide was trapped with
liquid nitrogen, manometrically quantified using a 10 torr full-scale MKS pressure
transducer, and sealed in borosilicate tubing. The primary standard was Solenhofen
Limestone (NBS Isotope Reference Sample No. 20). A secondary calcium carbonate
standard was also established (Fisher Chemical Lot No. 941480). Standards and samples
were treated identically and run using the same method. [sotopic ratios were determined

by Brian Eadie (NOAA GLERL) on a VG Prism Mass Spectrometer.

222

““Rn analysis

Discrete radon samples were analyzed using the method and apparatus described
by Mathieu et al. (1988). Depending on the expected activity of the sample, 2 to 20 liters

of bulk water were collected in pre-evacuated containers. The samples were returned to
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the laboratory and flushed with helium within a day. Radon was collected on a charcoal
column trap using a dry ice/alcohol slurry then flushed with helium to a Lucas type

scintillation cell for counting (see Mathieu et al. 1988 for details).

A very good estimate of in situ **Rn activity was also determined by withdrawing
100 ml of headspace from the disk equilibrator and injecting it through a Drierite column
directly into a Lucas cell. Helium was added to the cell to bring the internal pressure up to

1 atmosphere. The cell was then counted immediately onboard the R/V NEESKAY.

Scintillation cell efficiencies and background counts were determined by J. Val

Klump. Activities were calculated using a spreadsheet developed by George Kipphut.

Wind measurements

Hourly wind speed and direction data were obtained from the NDBC
meteorological buoy # 45002 through the NOAA Great Lakes CoastWatch Program. The
buoy is located in northern Lake Michigan (45.30 N 86.42 W), approximately 85 km NE
of Sturgeon Bay. Anemometer height was reported to be 5 meters. Wind speeds were

reported in m/sec at 0.1 m/sec resolution. Accuracy was listed at + 1 m/sec.

A similar data set from the Green Bay Austin Straubel International Airport
(NOAA Station 14898, 44.48 N 88.14 W) was used to compare wind speed over water to
that measured on land. The station is located approximately 75 km SW of Sturgeon Bay.
Wind speeds were recorded at a height of 10 meters and reported in knots at 1 knot

resolution.
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AVHHR data

Green Bay surface temperatures were observed using Advanced Very High
Resolution Radiometers (AVHRR) aboard two polar-orbiting satellites (NOAA-12 and
NOAA-14). Observations were made twice a day by each satellite (NOAA-12: 08:00.
20:00: NOAA-14: 02:00. 14:00 hrs local time). The data were processed and made
available to the public on the World Wide Web through the NOAA Great Lakes
CoastWatch Program. Daily estimates of surface temperature for the entire Great Lakes
region were mapped to a Mercator projection and translated to a 512 x 512 pixel grid in
GIF format. Actual temperatures were embedded at 1° C resolution in the pixel color
codes and 0.2° C resolution in the color palette codes (Dave Schwab, personal
communication). Cloud-free areas were updated with new AVHRR information daily.
Surface temperatures for cloud-covered areas were estimated from the previous day’s
image using a smoothing algorithm. Pixel resolution was 2.56 km. Daily images from 1994
and 1995 were “archived” in FLC movie format. This conversion erased the color palette

information.

Actual temperatures were extracted from the RGB color coded images using the
following procedure. The FLC movies were downloaded and converted to individual
frames using Display (a shareware program written by Jih-Shin Ho). Pixel image
coordinates and RGB color codes were extracted with Image Tool (a shareware program
developed at the University of Texas Health Science Center in San Antonio). Geographic

(Long., Lat.) coordinates for each image pixel coordinate (x, y) were provided by Dave
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Schwab (NOAA GLREL. Ann Arbor. MI; personal communication). RGB color codes

were converted to temperatures using the color scale included in each image.

Ice analysis

During ice season. estimates of ice on Green Bay were obtained every three days
from the NOAA/NAVY Ice Center. During periods of ice growth or breakup. each of the
seven study site zones were subjectively considered “iced covered” if greater than 80% of

each zone was covered with ice.

Barometric pressure

During the 1994 transects. hourly measurements of atmospheric pressure were
obtained from the NDBC meteorological buoy # 45002 through the NOAA Great Lakes
CoastWatch Program. Pressures were given with 0.1 hPa resolution at a reported
accuracy of + 1 hPa and corrected to apparent sea level. The real (local) barometric

pressure was back-calculated using the (National Weather Service) equation

P=(A"-bH)'™ +0.3 (2-15)

where P is the local pressure in millibars. A is the apparent sea level pressure in millibars.

H is station elevation in meters. b = 8.4288e-5. and n = 0.190284.

In 1995. the atmospheric pressure was measured on the R’V NEESKAY at a
resolution of 1 hPa. Differences between locally observed pressures and those obtained

from buoy # 45002 were generally less than 1 hPa at any given time.
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Temperature

Temperature was measured at a number of points during each transect (Figure 2-
9). The most accurate measurements were made with the Sea-Bird thermistor located on
deck. The Sea-Bird is factory calibrated each year and typical accuracy/stability
specifications are rated at + 0.0004 C per year. Temperature readings from the HydroLab
and YSI thermistors (0.01° and 0.1°C resolutions respectively) were compared to the Sea-
Bird thermistor in a large tank and found to differ by ~+0.02°C and -0.1°C respectively.
The YSI bias persisted across a range of temperatures so corrections were made

accordingly.

To determine in situ (lake) gas concentrations. both equilibrator and in situ water
temperatures were required. In 1994, disk equilibrator temperatures were assumed to be
steadily biased to those measured by the Sea-Bird. The equilibrator effluent was measured
infrequently and recorded with Sea-Bird measurements. As the seasons changed. this was
found not to be the case. The temperature bias between the Sea-Bird and equilibrator
changed. In 1995, disk equilibrator temperatures were more directly inferred by placing
the YSI temperature probe into the water stream just prior to the equilibrator.

Temperature measurements of the eftluent stream agreed to 0.1° C.

In siiu lake temperatures were more difficult to obtain. The HydroLab recorded in
situ temperatures only while on station. The NEESKAY did carry a thermistor in its water
coolant intake pipe, but temperatures were recorded on an analog clock-driven radial chart

and difficult to interpret (later analysis showed they were accurate to ~ +0.1° C).
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Figure 2-9. Thermistor locations on the R/V NEESKAY. (B) T and (Y) T were only
added in 1995. (BP) T was actually located in the water coolant intake pipe which drew

water from a depth of ~2 meters.
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Figure 2-10. The YSI (YY) and HydroLab (HL) thermistors were calibrated with the Sea-
Bird (SB) thermistor and used to observe temperature differences between the water
column (2 meters). equilibrator and open deck (Sea-Bird box) at profile stations during
the entire 1995 field season. The observed differences were fit to 2"-order polynomial
equations and used to estimate the equilibrator temperature (1994) and in situ (lake)
temperature (1994 and 1995).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55

delta (ysi+0.1-sb) (C)

0.15
0.10
0.05
0.00
-0.05
-0.10
-0.15
-0.20

1

1

I

SB +Y = EQ temp

Q
g

have SB

o O

I
15

20
SB temp (C)

25

delta (YSI+0.1-HL) (C)

delta (SB-HL) (C)

have YSI
(YSI+0.1) - Y = lake temp

0.6 7
05 4o

o}
04 4 N\Q n%
03 ©
0.2 o ©
0.1 o oo

0

0.0 O

T T 1
10 1s 20 25

YSI+40.1 temp (C)

0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20

2nd order polynomial regression

-

I

have SB
SB - Y = lake temp

8

o

0

T T 1T T 11

0 5 10 15 20 25 30

SB temp (C)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

Therefore. empirical relationships between equilibrator. lake (2 meter) and deck (Sea-Bird
box) temperature were determined at profile stations throughout the 1995 field season.
The results are shown in Figure 2-10. Equilibrator temperatures (EQ,) were estimated

from Sea-Bird temperatures (SB;) with the equation:
EQ: = SB; + (0.5599 + SB, * -0.0489 + SB,” * 9.124e-4). (2-16)

where temperatures are in °C. If YSI temperatures were known. in situ water

temperatures (WAT,) were estimated with the equation:
WAT, = YSI', - (0.7683 + YSI", * -0.0427 + YSI' * 7.333e-4), 2-17)

where YSI’ refers to the bias corrected temperature (YSI + 0.1°). /n situ water

temperatures were estimated trom Sea-Bird data with the equation:
WAT, = SB: - (0.5135 + SB, * -0.0240 + SB," * 5.972e-4). (2-18)
Geostatistics

Statistical interpolation of surface water gas concentrations. temperatures. volumes
and areas were done with Surfer (Golden Software, Version 6). Calculations were
simplified by converting the data coordinates from the Geographic Coordinate System to
the Universal Transverse Mercator (UTM, Zone 17) Grid System using ArcInfo (a GIS
software package). The chief advantage of the UTM system is that coordinates are
expressed in meters. Grid interpolations were generally calculated using an exact inverse
distance method. The inverse distance method was chosen over the Kriging method (linear

variogram, zero smoothing) since the Kriging method tended to generate negative

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

methane concentrations due to very steep methane gradients (in spite of this. mass
estimates determined using both interpolation methods agreed to within 10%). The
distance between grid nodes ranged from 100 to 2000 meters and depended on the
resolution of the data points and/or the area under consideration. The inverse distance

equation employed by Surfer to calculate the value of each grid node is given as:

z=—", (2-19)

where z = the interpolated grid node value. z = the neighboring data point. h, = the
distance between the grid node and data point, and = the weighing power which was set

to 2.

The interpolated surface water gas concentrations were averaged over seven
sections (labeled zone 1 through zone 7) of southern Green Bay (Figure 2-11). The
sections roughly correspond to the Green Bay hydrodynamic box model zones of
Mortimer (1978) and effectively divide southern Green Bay into zones with distinct depth.
temperature. riverine input and/or trophic structure characteristics (Sager and Richman

1991).
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Figure 2-11. The seven zones of southern Green Bay. All mean depth, area. and volume
calculations were determined using Surfer software. 100 meter grid intervals and NOAA
bathymetry and boundary files. The seven zones compose a total volume of 22.5 km® with
a total surface area of 1635 km’.
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Chapter 3
The Kinetics of Air-Water Gas Exchange in Green Bay

Introduction

Estimating the rate of gas transport across the air-water interface of an aquatic
system is important on a global scale because many of the gases that play a role in
regulating the Earth’s climate are in part controlled by processes that occur in aquatic
systems. On a smaller scale. estimates of fluxes of biogenic gases across the air-water
interface help to constrain the mass balance of biogeochemically important elements,
which in turn. illuminate the trophic status of an aquatic system. Two models describing
gas transter across the air-water interface are currently in use: they are: the thin-film (or
stagnant boundary layer) model. and the surface-renewal (or film-replacement) model.

Both models are derived from Fick’s first law of diffusion and can be abbreviated as:

J=KAC, (3-1)

where J is equal to the flux of a gas. K is an empirically derived transfer coefficient and
AC is the concentration gradient of the gas across the air water interface (Liss 1983). J is
generally expressed in terms of mass area™ time™' (e.g. moles m” day™), AC is expressed
as a concentration (e.g. moles m™), and the transfer coefficient is expressed as a velocity
(e.g. m day™). The sign and magnitude of AC determines the thermodynamic force and

direction of gas flux while K describes the kinetics of the process. In the thin-film model,
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K= D/ZBL . (3'2)

where D = the molecular diffusion coefficient of a gas and zg, = the thickness of a
boundary layer at the air-water interface where chemical diffusion through the layer is

accomplished solely through Brownian motion. In the surface-renewal modeL

K =(D/t)"’. (3-3)

where 1 = the residence time of the surface film. The absolute difference in K between both
models is small, but if the transfer coefficient for a gas other than that which was originally
used to determine K is desired or if the change in ratio of two gas tracers is used to
determine K. then the difference between the two models can become significant. For the

equation:

K/K> = (Sci/Sca)". (3-4)

where | and 2 denote different gases and the Schmidt numbers (Sc; and Sc-) are the
kinematic viscosity of water (cm’ sec’') divided by the molecular diffusion coefficients of
the gases at a given temperature, n is equal to -1.0 for the thin-film model and -0.5 for the
surface-renewal model. Though both models are still used in estimating gas flux from
natural systems (thin-film: Schmidt and Conrad 1993. surface-renewal: Watson et al.
1991), it is becoming clear from multiple tracer studies that the surface-renewal model is

more accurate at wind speeds above 2 m/sec (or the onset of capillary waves). Below
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wind speeds of 2 m/sec, n is typically assigned a value of -0.67 (Watson et al. 1991. Jahne
et al. 1987b, Holmen and Liss 1984, Ledwell 1984).

The transfer coefficient is primarily a function of wind-generated turbulence and
increases non-linearly with increasing wind speed. The non-linear relationship is primarily
due to an increase in the interfacial area which increases as a result of wave formation and,
at higher wind speeds, bubble injection (Liss 1983, Merlivat and Memery 1983. Jahne et
al. 1987, Woolf 1993. Farmer et al. 1993, Livingstone and Imboden 1993). Estimates of K
have been determined in the field as well as in wind-water tunnels and are usually
correlated with concurrently measured wind speeds. Reviews of some of the more
common techniques used to determine K are given by Broecker and Peng (1984) and Liss
(1983). In natural systems, most estimates of K have involved measuring the invasion or
evasion of one or more natural or purposeful tracers in the water over a period of days to
months. While these methods may be measuring a time averaged K quite accurately. they
have not answered questions concerning small scale or short term variability. Nor do they
accurately reflect the dependence of K on the instantaneous wind speed (Broecker and
Peng 1984. Broecker et al. 1986. Smith and Jones 1986. Wesely 1986). In this study. wind
tunnel estimates of K versus wind speed (U) were chosen over those determined in in situ
conditions primarily because wind speeds inside of the tunnel could be carefully
controlled. U/ K correlations were chosen over empirically derived in situ (time-
averaged) transfer coefficients primarily due to the hydrodynamic complexity of Green
Bay and the resultant difficulties associated with modeling the flux of a tracer (e.g. radon.

Imboden and Emerson 1978).
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U / K Correlation

The U / K correlation has been investigated in a fair number of wind-water tunnel
experiments. The results of most of these studies are compiled in Jahne et al. (1987b) and
Barber et al. (1988). The wind speed / transfer coefficients of Broecker et al. (1978)
(hereinafter referred to as B78) were chosen over the results of other studies due to the
relatively large size of the Hamburg tunnel (18 meters), the use of CO: to estimate K. and
the extent to which the U / K relationship was established (~ 16 m/sec wind speed at a
height of 60 cm). Although the coefficients for the bilinear relationship between wind
speed and K were not reported in B78 (see B78, Figure 6). the coefficients describing the
bilinear relationship between the friction velocity (U") and K (normalized to methane at
20°C) as determined by B78 are given in Barber et al. (1988) (hereinafter referred to as
B88). B88's U’ / K relationship for methane at 20°C (as determined by B78) is plotted in
Figure 3-1a. In Figure 3-1a. the y intercept = 2.0 and the slope of the first line = 0.09. The
critical friction velocity occurs at 11.35 crv/sec (11 cmy/sec in B88) and marks the
approximate point at which capillary waves begin to form. The slope of the second line =
1.26. The friction velocity (U") of wind is often used in lieu of the wind speed since U'is

independent of the height at which U is measured. B88 calculated U’ with the equation:

U'=kU,/(k/(Con)"’-In10/z). (3-5)

where k = the von Karmen’s constant. Cpy is the neutral drag coefficient, and z is the

height at which the wind speed (U) was measured. The von Karmen’s constant was taken
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Figure 3-1. A comparison of the relationships between friction velocity (U"), wind speed
(U), and the transfer coefficient (K) across the air-water interface as determined by
Broecker et al. (1978). a) The U" / K relationship for methane at 20°C as given by Barber
et al. (1988). See text for bilinear coefficients. b) The U / K relationship for CO, at 10.5°C

as determined by Broecker et al. (1978).
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as 0.4 and the neutral drag coefficient was assumed to be constant at 1.3 x 10”. The
transfer coefficients were normalized to methane at 20°C using equation 3-4. [t was
assumed that n = -0.67 for Uy, values up to ~ 2.7 m/sec and n = -0.5 for Ug values >
~2.7 nvsec. The Schmidt number for methane at 20°C was taken as 620. The Schmidt
number for carbon dioxide at 10.5°C (i.e. the gas and temperature reported by B78) was
taken as 1040. The back-calculated U, / K relationship for CO» at 10.5° C is shown in
Figure 3-1b and agrees well with B78s Figure 6.
U / z Relationship

In the field of micro-meteorology, considerable effort has been spent on discerning
the height dependency of wind. The results of these efforts have been used by geochemists
to correlate wind speed dependent processes and the wind speed measured at various
heights to that of a standard height (e.g. Ujo) or. as shown above. a height independent
wind speed (i.e. the friction velocity U"). More often than not. geochemists have simplified
the U / z relationship by using a neutral drag coefficient (which implies a static U / z
profile). In reality. the slope of the profile depends on a variety of meteorological factors:
the most significant being the air-water temperature gradient and its effect on the
buoyancy and shear of the atmospheric surface layer (Kraus and Businger 1994). The
extent to which temperature gradients affect the slope of the wind profile was explored
with a computer program written by Arlindo da Silva at the University of Wisconsin -
Milwaukee (see Appendix 6). Based on inputs of barometric pressure, dew point (or
relative humidity), water temperature, air temperature, and the observed wind speed at a
given height, the program was able to generate a wind / height profile based on the

principles outlined in Large and Pond (1981, 1982).
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Two extreme cases for air-water temperature gradients of + 10°C are illustrated in
Figure 3-2. In Figure 3-2a. profiles for a 5 m/sec wind speed at z =5 m show a stable
(stratified) wind profile for warm air over cooler water (dotted line) and an unstable wind
profile for cold air over warmer water (dashed line). The solid line shows the wind profile
generated using equation 3-5 (Con = 1.3 x 10™). Figure 3-2b shows similar profiles for U,
= 5 m/sec and illustrates the fact that the potential error associated with estimating K
increases with the height at which U is measured. Though the differences in wind speed
may seem trivial, the differences in corresponding transfer coefficients are huge (see
Figure 3-1b). For the three profiles shown in Figure 3-2b. Kco2. 10 s.c = 3.5 cmv/hr (dotted
line). 9.1 cm/hr (solid line). and 13.8 cm/hr (dashed line).

Green Bay Wind Data

Hourly wind speeds were recorded during the 1994 and 1995 field seasons at both
the Green Bay airport and NDBC buoy # 45002 (see Chapter 2). A comparison of the two
data sets showed that while both data sets tracked the progression of storms in unison. the
wind speeds recorded at the airport were generally lower than those recorded on open
water. This is not surprising since (overland) mesoscale obstructions can reduce wind
speeds by up to 50% (Schwab and Morton 1984, Fujita and Wakimoto 1982). Frequency
analysis of both data sets. shown in Figure 3-3a. confirm the lower overland wind speeds.

There are a number of simple models for estimating overwater wind speeds from
overland wind speeds. but none of them are particularly accurate (Schwab and Morton
1984). To demonstrate this, estimates of overwater wind speed were generated using
August 1994 Green Bay airport wind speeds (n = 744) and the method of Resio and

Vincent (1977) (as reported in Schwab (1978)). For:
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Figure 3-2. The effect of air-water temperature gradients on the wind speed / height
profile fora) Us =5 m sec”' and b) Uy =5 msec' (RH = 80% at 992 hPa). The profiles
were calculated using a computer program written by Arlindo da Silva at the University of
Wisconsin-Milwaukee and based on the principles outlined in Large and Pond (1981,
1982).
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Figure 3-3. Comparison of hourly wind speeds recorded at the NDBC buoy #45002
(45.30 N 86.42 W. ~ 85 km NE of Sturgeon Bay) and the Green Bay airport (NOAA
Station 14898, 44.48 N 88.14 W, ~ 75 km SW of Sturgeon Bay) a) Frequency (%) of
wind speeds for complete 1994 and 1995 wind data sets. b) Difference between wind
speeds recorded at buoy #45002 and “corrected” wind speeds from the Green Bay airport
during the month of August 1994. Green Bay airport (overland) wind speeds were
translated to overwater wind speeds using the method of Resio and Vincent (1977).
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Uw = UL (1.2 + 1.9/UL) [1 - At]AY] (JAt/1900)"], (3-6)

Uw and U, represent overwater and overland wind speeds in m/sec and At equals the air-
water temperature difference in °C. At was taken as -0.4 °C based on the average air-
water temperature difference recorded at buoy #45002 from 1989 to 1993. Where airport
wind speeds were zero. the estimated overwater wind speed (limit) of 2.02 m/sec was
used. Estimated values of overwater U, were divided by 1.05 to obtain wind speeds at a
height of 5 meters (see below. Table 3-1).

The differences between observed (buoy) - estimated overwater wind speeds are
presented in Figure 3-3b. Estimates of overwater wind speed correlated poorly with
observed overwater wind speeds (r* = 0.34). but the mean difference between the two data
sets was essentially zero over the time scale of a month. Since surface water gas
measurements were made on a similar (~ monthly) time scale. either wind speed data set
would have resulted in similar gas flux estimates across the air-water interface as long as
the frequency of wind speeds above and below the critical wind speed required to generate
capillary waves (i.e. ~ 2 m/sec. see Figure 3-1b) was the same for each data set.

The high frequency of 0 m/sec wind speeds for the airport data (and the absence of
wind speeds below 3 knots) are suspicious however. and suggest a faulty anemometer. In
view of the complexities involved in predicting wind speed over water from land-based
measurements and the poor agreement between modeled and observed wind speeds over
water (Schwab and Morton 1984), the wind speeds from buoy #45002 were used to

estimate transfer coefficients across the air-water interface of Green Bay.
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Us o to Ug e translation

Wind speeds recorded at buoy #45002 were translated from Us, to Ug¢ with a
reduction factor calculated using A. da Silva’s model and the average monthly wind speed.
air temperature and water temperature recorded at buoy #45002 from 1989 to 1993. The
relative humidity and barometric pressure were assumed to be 80% and 992 hPa
respectively. The reduction factors and monthly meteorological data are presented in
Table 3-1. Wind speeds measured at a height of 5 meters were multiplied by the *0.6m x
factor” to obtain Uy 6. The calculated drag coefficients (Cp) ranged from 1.31 x 107 in
December to 0.77 x 10~ in June. The stability parameters (/L. where L = Obukhov scale
length of turbulence) show stable stratification (/L. > 0. Kraus and Businger 1994) from
April through July. The average monthly wind profiles calculated with the coefficients in
Table 3-1 are shown in Figure 3-4. Average monthly wind speeds were also used to fill
small gaps in the data set due to the fact that Buoy #45002 was hauled out for servicing
during the winters of 1994 and 1995.

Green Bay Temperature Data

Surface water temperatures of Green Bay were obtained for every ~ 4™ day of
open water from AVHRR data according to the methods described in chapter 2. The
temperatures were weight averaged in each of the zones outlined in Figure 2-9 (except
zone 5. see below). The weight averaging method entailed interpolating the temperatures
over a grid using an exact inverse distance method. The entire grid was then integrated
and divided by the base area of the grid. The grid nodes were spaced at 2 km intervals
corresponding with the approximate resolution of the AVHRR data. The data-set for each

zone only included temperatures from within the zone; temperatures outside of the zone
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Table 3-1. Wind speed correction factors. Average (1989-1993) monthly water
temperatures, air temperatures and wind speeds recorded at buoy #45002 were used to
calculate specific drag coefficients (Cp). stability parameters (L), and wind speed
correction factors where the “0.6m x factor” = Ug6:Us o and the “10m x factor™ =
Uio0:Uso.
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Figure 3-4. Average monthly Green Bay wind profiles based on average (1989-1993)
monthly wind speeds (Us o) at buoy #45002 and the air column stability / drag coefficients
listed in table 3-1.
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were blanked. The 1994 -1995 surface water temperatures for zones 1-4. 6. and 7 are
shown in Figure 3-5. Due to its small size (and the resultant paucity of AVHRR data),
zone 5 was assumed to have the same temporal temperature profile as zone 2 based on
their similar mean depth. A cursory comparison between the weight averaged satellite
derived surface temperatures and directly measured Sea-Bird temperatures in 1995 (zone
4) shows fairly good agreement considering the resolution of the AVHRR data (+ 0.5°C)
and uncertainties in evaporative surface cooling (Schwab et al. 1992, Van Scoy et al.
1995), bias in the surface water transect route, error due to interpolation during cloud
cover, and the possibility of shallow (temporary) stratification above the ~2 meter deep
intake pipe that supplied water to the Sea-Bird thermistor (Figure 3-6).
Green Bay Transfer Coefficients

Daily estimates of K were determined as follows. Hourly wind speeds were
converted to Uy using the appropriate reduction factors given in Table 3-1. The
translated wind speeds were then used to determine hourly estimates of Kco. 10 soc as
determined by B78 (Figure 3-1b). Each estimate of K¢o2. 10.5°c Was then translated to Kcus
or Kco: at in situ temperatures for all seven zones using equation 3-4. the temperatures
shown in Figure 3-5. and the Schmidt number / temperature relationships determined by

Jihne et al. (1987a). For carbon dioxide, a 3“-order polynomial fit of Jdhne's data gave:

Sccor = 1911.374 - 113.676 (1) + 2.967 (t%) - 0.029 (t), 3-7)

and for methane.
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Figure 3-5. Green Bay open water surface temperatures for zones 1-4. 6. and 7 based on
AVHRR satellite data. The light gray line follows surface water temperatures in zone 1:
the southernmost. shallow area of southern Green Bay. The dark gray line follows surface
temperatures in zone 7: the northernmost. deep area of southern Green Bay.
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Figure 3-6. Satellite versus ground based surface water temperature. The AVHRR satellite
data plotted here are averages of day and night-time surface temperatures with a temporal
resolution of ~ 4 days. The ground based measurements were made on water pumped
from a depth of ~ 2 meters while onboard the R/V NEESKAY during normal gas-
sampling transects. The transect routes are shown in appendix 3.
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Scens = 1898.131 - 110.085 (t) + 2.834 (t7) - 0.028 (1Y) (3-8)

where t = the in situ temperature in °C. Hourly estimates of K for each gas in each of the
seven zones were then summed to give daily estimates of K in each zone. The results are
shown in Figure 3-7. The transfer coefficients for CHy and CO; are nearly similar due to
their similar diffusion coefficients. Differences in K between zones were generally small
and only became significant (~ 20%) during spring and autumn when differential heating
(and cooling) occurred due to differences in water column depth. The average U labeled
sections denote periods when only mean monthly wind speeds from 1989-93 were
available (Figure 3-7). The zigzag pattern displayed during these periods arises due to

steadily falling temperatures and a monthly jump in U (see Table 3-1). The frequencies of

transfer coefficients for each month of wind data recorded during 1994 and 1995 are
plotted in Figure 3-8 (transfer coefficients determined from monthly wind averages are
excluded) and show good agreement with the temporal trends in average (1989-1993)
temperature and wind (Table 3-1, Figure 3-4).
Conclusions

The calculated transfer coefficients shown in Figure 3-7 are higher than most
values of K based on similar Us o values (see Watson et al. 1991, Barber et al. 1988. Liss
1983). This is due in part to the choice of B78’s U / K relationship as well as the
corrections madc for the stability of the air column. The relative contribution of the
stability corrections to the value of K. the effects of averaging, and equivalent estimates of

K based on several other U / K relationships are presented in Figure 3-9. In zone 4 (1995),
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Figure 3-7. Daily Green Bay transfer coefficients for methane and carbon dioxide based on
hourly wind speeds and AVHRR derived surface temperatures. Sections labeled “avg U~
denote periods when only monthly wind speed averages (from 1989-1993) were available.
Both panels show all estimates of K for both CH, and CO:; in all seven zones (i.e. 14
lines).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



85

cm day™

1600

1400

1200

1000

800

600

400

200

fce

50

1994 transfer coefficients

100

150

200
day

250

ag U/

300 350

—— KCH,
K CO,

cm day™

1600

1400

1200

1000

ag U

600 ™=

400

200

ice

50

1995 transfer coefficients

100

150

200
day

agl

250 300 350

— KCH,
K CO,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

Figure 3-8. Monthly frequency (%) of Green Bay transfer coefficients based on hourly
wind speeds recorded at buoy #45002 during 1994 and 1995. November 1995 frequencies
based on first 11 days only.
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Figure 3-9. U / Kcus comparisons for zone 4 (4/1/95 - 10/31/95). The *“measured U (5m)”
= the averaged hourly wind speeds recorded at a height of 5 meters at buoy #45002; the
“~complex U (0.6m)” = Us x *0.6m factor” given in table 3-1; U" = the friction velocity
calculated using Us and equation 3-5; ““simple U (0.6m, 10m)” = Ugs. 10 back-calculated
from the friction velocity and equation 3-5; “temp” = the averaged AVHRR surface
temperature. The “original” Kcus = the sum of hourly K estimates divided by the number
of days in each month; the “monthly avg™ Kcus = K estimate based on the average monthly
wind speed (complex Uo ) and temperature; the “simple” Kcus = K estimate based on the
friction velocity and temperature. See text for explanation and derivation of other transfer
coefficients.
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the average Kcus for wind speeds recorded between April 1¥ and October 31%, was 443
cm day’'. Estimates of K based on monthly averages of hourly wind speeds were only
slightly less (~ 3%) than the monthly averages of hourly K estimates since wind speeds
rarely dropped below ~ 3 m/sec (see Figure 3-1). Corrections for the stability of the air
column however played a larger role. The transfer coefficients calculated using the Us, /
U’ relationship given in equation 3-5 were ~26 % lower. Estimates of K calculated using
the Liss and Merlivat (1986) relationship as reported by Van Scoy et al. (1995) where for

wind speeds greater than 3 m/sec and less than or equal to 13 m/sec:

K (cm day™") = 87.7 [2.85U,, - 49.3] (600 / Sc)’> x 0.274. (3-9)

were ~67% lower than the values calculated here. Some of the lowest transfer coefficients
(20-40 cr/day) have been measured in small (presumably sheltered) lakes using isotopic
tracers (e.g. “*Rn and *He, Emerson 1975, Torgersen et al. 1982) Cole et al. (1994) used
these values to extrapolate a constant Kco (= Kcus) of 50 cm day™ for all lakes (including
Lake Michigan) when estimating CO- flux from lakes to the atmosphere. At the other end
of the spectrum, small scale. short term micrometeorologic flux measurements determined
using the eddy correlation technique give apparent K values that are an order of
magnitude higher than the entire range of “geochemically-derived " transfer coefficients
determined in either field or laboratory conditions. Smith et al. (1991) give an approximate

Uio / K relationship of:
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K (msec')=6.5x 10" Uy, (3-10)

which translates to an average Green Bay transfer coefficient of ~ 38 meters day™'. The
eddy correlation technique has generated considerable debate (see Wesley 1986. Smith
and Jones 1986. Broecker et al. 1986) and points out the need to resolve the dependence
of K on the time scale of measurement.

The K values determined here will be used in the following chapters to estimate the
net evasion (or invasion) of CO» and CH, from or to Green Bay. Constraints placed on the
air-water flux estimates by previously determined components of the Green Bay carbon
budget (Klump and Fitzgerald. 1998) should in turn illuminate the relationship between
wind speed and the apparent kinetics of gas exchange across the air-water interface of

Green Bay.
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Chapter 4

The Dynamics of Surface Water Methane in Green Bayv

Introduction

Biogenic methane is produced by a group of bacteria that require strict anaerobic
conditions. In aquatic systems that maintain an oxygenated water column. these conditions
are only found within sediments and, on a much smaller scale. the intestinal tracts of
planktonic animals (Oremland 1979).

As methane diffuses away from its source it eventually crosses an oxic-anoxic
interface. Where oxygen and methane coexist. a group of aerobic (methanotrophic)
bacteria use methane as a carbon source for growth. The fraction of methane oxidized to
that produced is typically less than one as evidenced by the fact that most of the world’s
surface waters are supersaturated with methane with respect to the atmosphere (Barber et
al. 1988). Methane that is not oxidized eventually passes through the air-water interface to
the atmosphere.

The highest rate of methane oxidation generally occurs at the oxic-anoxic interface
in a narrow zone where the flux of methane and oxygen is at a maximum. Away from this
zone. methane oxidation typically drops to a level below detection (Rudd and Hamilton
1978, Harrits and Hanson 1980, Kuivila et al. 1988).

A review of the literature shows that for lakes that maintain an oxygenated water
column throughout the year. methanotrophic activity is limited to the sediment (Lidstrom
and Somers 1984. Heyer and Babenzien 1985, Kuivila et al. 1988. Schmidt and Conrad
1993, Scranton et al. 1993, Thebrath et al. 1993). If methane is only affected by biological

activity within the sediment. then the gas is essentially inert within the water column. The
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flux of methane across the air-water interface must therefore equal the flux of methane
across the sediment-water interface over a sufficiently long time scale.

In Green Bay. the water column is oxygenated throughout the year and the oxic-
anoxic interface is generally found at a depth of ~ 5 mm into the sediment (Buchholz et al.
1995; Klump et al. 1997; Val Klump, personal communication). There have been reports
of anoxic “blobs” of water in the southern bay (John Kennedy, personal communication)
but none were observed during this study. It was assumed, therefore. that methane
oxidation within the water column of southern Green Bay is negligible relative to other
source and sink terms.

[f methane oxidation in the water column is negligible. then:

Jw=Jw+1-E (4-1)

where J,» = the flux of methane across the air-water interface. Js, = the flux of methane
across the sediment-water interface. I = riverine inputs of methane and E = methane
export to northern Green Bay and Lake Michigan. The flux of methane across the
sediment-water interface of southern Green Bay has been estimated at 14 x 10’ moles
vear’ by Klump and Fitzgerald (1998) and reasonable estimates of I and E can be made
with a knowledge of river and water column methane concentrations. river water
discharge and bay-lake exchange rates. The result (J.w) is an independent estimate of the
mean flux of methane across the air-water interface at steady state (equation 4-1). Hence
it should be possible to calculate a mean transfer coefficient (K) which supports this flux

based upon the observed air-water methane concentration difference (AC) (equation 3-1).
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The mean value of K does not rely on measurements of its dependence on wind speed.
temperature and boundary layer physics since it derives from mass balance principles. To a
first approximation then. calculation of the mean transfer coefficient can serve as a “cross
check” on the values of K derived in Chapter 3.

In addition to providing a constraint on the kinetics of air-water gas transfer.
methane is of considerable interest in its own right. Though the atmospheric concentration
of methane is relatively low (~ 1.9 ppm), methane’s potential for trapping infrared
radiation is approximately 25 times greater than that of carbon dioxide (Lashof and Ahuja
1990). When it was discovered in the late 1970s that current tropospheric concentrations
of the gas are rising at approximately 1% per year (Blake and Rowland 1988), a
concomitant search began for its source. A recently published mass balance (Schlesinger
1997) suggests that freshwater lakes and rivers contribute only ~ 0.9 % (or 5 x 10'%g
CH./yr) of the total efflux of methane to the atmosphere. but the origin of this estimate
traces back to Ehhalt (1974). Ehhalt based his estimate on two studies of summertime
methane ebullition from Great Fresh Creek (Conger 1943) and Lake Erie (Howard et al.
1971), and a study of methane oxidation in Lake Beloye (Russia) by Rossolimo (1935).
Results presented in this study would significantly add to the data set of methane flux
measurements from lakes and help to generate a more accurate estimate of the global
contribution of methane from freshwater systems.

An accurate estimate of the current flux of methane to the atmosphere, however,
can in no way predict the response of methanogens to a changing environment. A variety
of physical and biological factors affect the concentration of surface water methane

(Figure 4-1). Though many of the factors are interdependent. some have direct bearing on
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Figure 4-1. The forces influencing surface water methane in Green Bay.
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the rate of methane production while others do not. Examples of the former subset include
the quantity and quality of organic substrate from which methanogens grow, the
population of methanogenic bacteria (not shown) and the effect of sediment temperature
on bacterial metabolism. While fluctuations in methane flux due to changes in bacterial
population and/or nutrient limitation would be difficult to prove at a single study site.
fluctuations in methane flux due to changes in sediment temperature would be expected.
Incubation experiments in the laboratory have shown that the rate of methane production
is highly dependent on temperature (Koyama 1963). In Green Bay, sediment temperatures
fluctuate up to 20 °C over an annual cycle. As the sediments warm during summer
months. increases in methane production should translate to higher fluxes of methane to
the water column and atmosphere. Establishing a correlation between sediment
temperature and methane flux to the atmosphere would improve our ability to model the
effects of global warming.
Surface water methane

Nearly 1700 surface water samples were measured for methane during the open
water transects of 1993, 1994 and 1995. Surface water methane concentrations and
sampling sites are shown in Figure 4-2. Each of the measurements, their coordinates, and
the physical parameters relevant to calculating each concentration are also given in
Appendix 3.

Surface water methane concentrations ranged from 0.003 pM (~ atmospheric
equilibrium) to greater than 4.8 puM and averaged ~ 0.06 uM over southern Green Bay.

The mean surface water methane concentration in each of the seven zones of the study site
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Figure 4-2. Green Bay surface water methane concentrations measured during transect
cruises of 1993. 1994 and 1995. The axis range is adjusted to the highest observed
concentration for each day’s cruise. The transect distance represents the cumulative
distance traveled in kilometers. The location of each sample point is plotted with a circle.
The area of each circle is proportional to the concentration of methane.
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tended to decrease as the average water column depth of each zone increased (Figure 4-
3). The reason for this ultimately relates to temperature and is discussed at length below.

The highest concentrations of methane were always found in Sturgeon Bay and the
Fox River. At the beginning of this study, I assumed that methane originated in the
sediment from biological sources (planktonic sources were assumed negligible (Schmidt
and Conrad 1993)). When it was discovered that submerged natural gas pipelines ran
under both areas. the possibility existed that a natural gas leak could account for the high
concentrations of methane. To test this theory. surface water radon and methane were
measured along a transect across Green Bay and into Sturgeon Bay, terminating over the
pipeline (Figure 4-4). Since natural gas should not contain radon, an increase in only
methane would have suggested that the pipeline might be leaking. Clearly, this was not
observed. The concentration of both gases rose in tandem as the water column depth
decreased in Sturgeon Bay. This strongly suggested that the methane originated from the
sediment and that the high concentrations of methane were a result of relatively warm
sediment temperatures and turbulent mixing in a shallow unstratified water column.

To simplify flux calculations and interpretations of large scale changes over space
and time. methane concentrations measured over an entire cruise (~ 3 days) were spatially
weight averaged in each of the seven zones of the study site. This was accomplished by
interpolating the data over a grid of each zone using an exact inverse distance method
(equation 2-19). Each grid was then integrated and divided by its base area. Grid nodes
were spaced at 100 meter intervals in zone 5, 250 meter intervals in zone 1, and 500 meter
intervals in zones 2, 3, 4. 6, and 7. The data set for each particular zone only included

measurements from within the zone; measurements made outside of the zone were
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Figure 4-3. The mean concentration of methane (+ 1 S. D.) for all cruises in zones 1-7
versus water column depth.
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Figure 4-4. Surface water methane and radon measured along a transect across Green Bay
and into Sturgeon Bay. High concentrations of methane occurred over a submerged
natural gas pipeline running across Sturgeon Bay. The increase in both radon and methane
in Sturgeon Bay suggests that the methane originated from the sediments. The values
reported here are raw. Neither methane nor radon concentrations were corrected for a lag
in response to equilibration. Quenching effects on the radon activity caused by gases other
than helium in the counting cell were ignored.
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blanked. If no (or insufficient) measurements were made in a zone. the zone was excluded
from consideration.

The temporal variations in spatially weighted average surface water methane
concentrations are presented in Figure 4-5. The extent to which these concentrations were
affected by the physical scalars shown in Figure 4-1 is explored below.

Temperature

Laboratory studies have shown that the rate of methanogenesis is strongly
dependent on temperature. Sediment cores taken from the field and incubated in the
laboratory have shown a 2.8 to 4.3 fold increase in methane production for every 10° C
increase in temperature between 5 and 30°C (Koyama 1963, Klump and Martens 1989.
Kiene 1991. Thebrath et al. 1993) The variation in Qo (i.e. change in production over 10
°C) probably relates to the quality or quantity of organic substrate available to the
methanogens. In the examples mentioned above. the Qo of 2.8 was observed in sediments
obtained from the littoral regions of Lake Constance (Thebrath et al. 1993) while the high
value (4.3) was measured in rice paddy soils (Koyama 1963). Incubation experiments
conducted on sediment obtained from an organic rich region of Green Bay (GB32)
showed a Qo of ~ 3.5 (J. V. Klump. unpublished data). If sediment temperatures
increase and the ratio of methane production to methane oxidation remains greater than
one. then an increase in water column methane and/or methane flux should be observed.
Surprisingly, this has rarely been shown. To my knowledge, only one study has found a
positive correlation between the flux of methane across the air-water interface and

temperature (Baker-Blocker et al. 1977).
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Figure 4-5. The temporal variation of spatially weight-averaged surface water methane
concentrations in zones 1-7 of southern Green Bay. The zones are reproduced here for
convenience and appear as shaded areas within the Green Bay shoreline. Concentrations
measured during the 1994 transects appear as light gray circles; 1995 values are plotted as
dark gray circles. Ice cover is plotted as a line using the same color scheme. Note the
change of scale on the Y axis in each zone. All relevant data is tabulated below each
figure. See text for description of interpolation methods.
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For the data presented in Figure 4-5. only one of the seven zones defined in
southern Green Bay show a pronounced seasonal cycle. In zone 5 (Sturgeon Bay), surface
water methane concentrations clearly rose from spring to summer and decreased again in
autumn. The concentrations are plotted against the spatially weighted average surface
temperatures in Figure 4-6a. The temperatures were weight averaged using the same
(inverse distance) interpolation method described for methane. The slope of the
relationship shows that for every 10°C increase in temperature. surface water methane
concentrations rose by a factor of ~ 2.1. This could be used to back-calculate the
minimum methane production rate if two assumptions are made. First. [ assumed that
sediment temperatures were within ~ + 1°C of the surface water temperatures and
isothermal to a depth of at least ~ 30 cm (Klump and Martens 1989. Birge et al. 1928).
This assumption was based on the fact that Sturgeon Bay (zone 5) is shallow with a mean
depth of 5.4 meters. Based on the temperature profiles shown in Appendix 4. the water
column was usually isothermal (the exception occurred during the June 1994 cruise when
stratification was just setting up and the thermocline occurred at a depth of ~ 3 meters).
To a first approximation, I also assumed that the wind velocity over Sturgeon Bay was
relatively constant. Sturgeon Bay is unique among the seven zones in that it lays
perpendicular to the predominant wind direction in a narrow strip between hills that rise
nearly 70 meters on both sides.

Using a simple one dimensional model derived from Newton’s law of cooling,

[CI'L]watcr column = (Jsed/K) + Ceﬁ(K’dvs (4'2)
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Figure 4-6. The relationship between surface water temperature and methane in Sturgeon
Bay (zone 5). All values shown in figure 4-5 (zone 5) are presented here with the
exception of measurements made during June 1994. a) Methane concentration versus
temperature. With constant wind speeds, and the assumptions implied in equation 4-2, a
10 °C increase in temperature would result in a 2.7 fold increase in methane flux to the
atmosphere. b) Methane flux versus temperature. Based on the observed (1989-1993)
average monthly wind speeds at buoy #45002, methane flux to the atmosphere increased

by a factor of 1.8 for a temperature increase of 10 °C.
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Jeq = the flux of methane from the sediments. K = the transfer coefficient across the air-
water interface. C is a constant of integration. d is the water column depth. and ¢ is time. It
follows that at steady state. the last term in equation 4-1 goes to zero and the
concentration of surface water methane is approximately equal to J.s/K. The term Js/K is
actually equal to the concentration difference between water column methane and water in
equilibrium with atmospheric CH, (i.e. AC in equation 3-1) but the latter term in this
instance is insignificant. [f the water temperature rises 10°. not only does the
concentration of methane increase by a factor of 2.1. but the transfer coefficient also
increases by a factor of 1.3 since K is in part determined by the molecular diffusion
coefficient of methane which increases by a factor of ~ 1.3 over 10 °C (Jahne et al.
1987a). For the system to remain at steady state then, methane flux from the sediment
must increase by a factor of ~ 2.7. If the inventory of methane in the sediments is to
remain constant. then methane production must also increase by a factor of 2.7. This is
very close to the Qo value of 2.8 obtained from the iittoral sediments of Lake Constance.
If the Qo for zone 5 is indeed higher. then either the inventory of sediment methane must
increase. the ratio of methane production to oxidation must decrease. or direct venting to
the atmosphere must occur through ebullition. Since ebullition has never been observed at
the surface of Green Bay or during benthic chamber studies. the first scenario seems most
plausible.

In reality, average wind speeds over Sturgeon Bay probably varied from month to
month. Using the average monthly wind speeds recorded at buoy #45002 during 1989 to

1993 (see Table 3-1). methane flux estimates from Sturgeon Bay were calculated using
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equation 3-1. Flux estimates plotted against the spatially weighted average surface
temperatures in Figure 4-6b show methane flux to the atmosphere increased by a factor of
only 1.8 for a 10 °C rise in sediment temperature.

Riverine Input

Although zone 1 is also shallow with a mean depth of ~2.3 meters. no correlation
between methane and water temperature was observed. In fact. the concentration of
methane actually appeared to decrease as temperatures rose (Figure 4-7a). No explanation
for this can be offered at this time except that the same patterns were observed in the
lower Fox River.

The possibility that fluctuations in methane concentration might simply reflect a
dilution rate was explored by obtaining USGS metered flow rates from the lower Fox
River into Green Bay (Figure 4-7b). In spite of a substantial range in flushing rates
(defined as the number of days required to fill zone 1 based on the flow rate of water from
the Fox River measured during the day of the cruise), the concentration of methane in
zone | was not effected by the flow rate of Fox River (Figure 4-7c¢).

As mentioned above, the concentration of methane in zone 1 did appear to be
correlated with that of the Fox River. but the relationship was weak (Figure 4-7d).
However. if the mass (i.e. concentration x flow rate) of methane flowing out of the Fox
River was plotted against the concentration of methane in zone 1. the relationship was
striking (Figure 4-8, top). An exponential fit of the data shows the concentration of
methane in zone | rising to an apparent maximum of ~ 0.637 uM. Beyond this point.
increases in methane flux from the Fox River are matched by a concomitant flux of

methane out of zone 1 to either the atmosphere or zone 2. At the other end of the
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Figure 4-7. The influence of temperature and flow rate on the methane concentrations in
Fox River and zone 1. a) Zone 1 methane versus zone | temperature. b) The flow rate of
water out of Fox River and into zone 1 as determined by the U. S. Geological Survey.
Archived data for 1995 were only available to September 30™. ¢) Zone | methane versus
the flushing rate of zone 1. Flushing rates were calculated as the time required to fill zone
[ (~0.146 km’) with water flowing from the Fox River based on the flow rate measured
during the day of the cruise. d) The spatially weight averaged concentration of methane
measured in zone 1 versus the average concentration of methane measured in the Fox

River (approximately 3 km upstream).
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Figure 4-8. The discharge of methane from the Fox River. Top) The efflux of methane
from the Fox River versus the weight averaged concentration of methane in zone 1 (left
axis) and the total mass of methane in zone 1 (right axis). The flux of riverine methane was
calculated as the product of the measured concentration and water flow rate. Bottom) A
diagram of the other processes affecting the concentration of methane in zone 1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



134

Fox River methane discharge

0.7 1e+5
o
O 9e+4
0.8 % g
® Berd
L]
0.5 Te+4 %
2 \Er
o
_2; 04 6e+4 g
T - £
2 b Sevq 2
g o3 k]
S 4e+d4 ©
N -
[ ]
0.2 - - Je+d é
Q 2e+4
01 - ~
1e+4
00 - Oe+0

] 5000 10000 15000 20000 25000 30000
Fox River methane (moles day™)

O 1984
@ 1995

atmosphere

wind speed

temperature
CH¢4 conc gradient
water column depth

3 flow rate -<mma
Fox River CHicome 2> exchangerate  yane 2
amg>  CHdconc

organx substrate
temperature
CH4 conc gradient

sediment

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



135

spectrum, the exponential curve intersects the Y axis at a concentration of 0.085 pM. This
is very close to the average methane concentration of 0.100 uM observed in zone 2.

The full significance of the exponential response is not yet understood. As shown
in the bottom of Figure 4-8. there are several unknown sources and sinks influencing the
mass balance of methane in zone 1 and each of them would influence the concentration of
methane in an exponential fashion as well. What is apparent is that the residence time for
methane in zone 1 is extremely short. The principle sink must be the atmosphere. Using
equation 4-2. it can be shown that based on air-water transport alone. the half-life for
methane in the water column is only ~ 19 hours for a moderate piston velocity of 2 meters
per day and decreases to ~ 4 hours for a piston velocity of 9 meters per day (which was
the theoretically calculated velocity observed on the 25 October 1994 cruise). If one takes
into account the advective and diffusive exchange of methane with zone 2 of Green Bay.
the residence time is shortened even further (Mortimer 1978, Modlin and Beeton 1970).
The values used to generate Figures 4-7 and 8 are presented in Table 4-1.

Water column depth and the thermocline

The depth of the water column influences the concentration of surface water
methane in both direct and indirect ways. In a direct sense. the water column itself acts
like a capacitor. In shallow water. variations in methane supply or removal quickly alter
the total amount of methane on an areal basis. As a result. repeated measurements of
methane over sufficiently long time scales should show considerable variability. As the
water column increases in depth, similar forces acting to add or remove methane from the
water column affect the areal mass of methane to a lesser degree. Accordingly. surface

water measurements of methane over deep water should appear relatively stable over time.
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Table 4-1. Fox River temperature. discharge and methane concentrations as measured
during the transect cruises of 1994 and 1995.
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FOX RIVER ZONE 1
day date temp discharge [CH4] temp [CH4]
(C) m3/day uM (C) uM
1994
184 13-Jul 23.6 1.90E+07 0.76 219 0.58
214 02-Aug 24.6 5.58E+06 0.55 21.9 0.36
235 23-Aug 23.1 1.08E+07 0.07 21.3 0.12
298 25-Oct 1.9 6.34E+06 2.25 11.6 0.61
1985
110 20-Apr 8.3 1.19E+07 0.89 6.6 0.54
142 22-May 17.5 1.13E+07 2.38 15.5 0.65
200 19-Jul 26.3 7.00E+06 0.05 24.5 0.14
241 29-Aug 24.3 2.54E+07 0.71 23.6 0.62
283 10-Oct 14.0 ' 0.63 13.9 0.59

area zone 1 = 6.4E+07 m2
volume zone 1 = 15E+07 m3
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This is shown in Figure 4-3 where the error bars bracketing the mean concentration
observed in each of the seven zones decrease with depth.

The exponential decrease in surface water methane with depth in Figure 4-3 is only
indirectly related to the water column depth. The situation is complicated by the effects of
temperature on the water column and the rate of methanogenesis itself. In Green Bay.
surface waters warm and stratify in June. As the stratification intensifies over summer, the
density gradient across the thermocline intensifies. This reduces the amount of eddy
diffusion between the layers of water and consequently further limits the transfer of heat to
deeper waters. The temperature profiles shown in Appendix 4 bear this out. In the
summer. sediment temperatures at GB6 were probably close to 25°C while further north
in 30 meters of water, the sediment temperatures were ~ 8°C. If the relationship between
sediment temperature and methane production observed in zone 5 hold here. thena ~ 3 to
5 fold difference in methane production potential occurs between the two sites based upon
temperature alone. The difference in surface water methane is further amplified since
methane diffusing up from deep sediments encounters the same density barrier that keeps
heat from diffusing downwards. This can result in an increase in methane in the
hypolimnion and a temporary disparity between sediment-water. thermocline and air-water
methane fluxes. Of course. a variety of other factors are influencing surface water methane
concentrations at the same time. Teasing apart the effect of the thermocline on “steady
state” conditions and temperature on methane production may not be possible. It is
intriguing, however. that the lowest concentrations of surface water methane were

observed in June when the thermocline was just getting established at a depth of 3 meters.
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Ice cover

Ice covers Green Bay for 3 to 4 months of each year (Figure 4-9). During that
time, gas exchange between the bay and troposphere decreases to an insignificant level.
Advective transport between each of the zones and Lake Michigan also declines to the
point where the flow of water out of Green Bay matches the rate of riverine input. For
Green Bay south of Chambers Island. this translates to an increase the residence time of
water from ~ 8 months to approximately 3 years (Mortimer 1978. Miller and Saylor
1993). The dominant oscillatory currents during this period are caused by the lunar semi-
diurnal tide (Gottlieb et al. 1990). Since the major sink for water column methane (i.e.
ventilation to the atmosphere) effectively shrinks to zero. methane released from the
sediments over this period will tend to accumulate and the concentration of methane
should rise. Unfortunately. the rate of methane increase was not measured. However.
single time point measurements suggest that the flux of methane from the sediment during
winter is low.

In Figure 4-10, the spatially weighted average concentrations of zone 3 methane
measured during the last cruise of 1994 (October 25) and the first cruise of 1995 (April
20) are compared with the concentration of methane measured directly under the ice on
February 25". 1997 at station GB21 (also in zone 3). The arrows accompanying each
concentration point indicate the probable trend in methane concentration (they do not
represent actual concentrations). Beginning in autumn, as surface temperatures gradually
decrease, the water column destabilizes and mixes. Methane that had been accumulating in
the hypolimnion over the summer months now mixes throughout the water column, raising

the surface water concentration. Since the increase in methane is not supported by an
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Figure 4-9. Green Bay ice cover during 1994 and 1995. The date of ice in and ice out for
each of the seven surface area zones were determined using ice charts obtained from the
NOAA/NAVY Ice Center (see methods section in Chapter 2).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T e el
[*N (>N [*N
< S e
7
2 >
N 3.
2
1 .
0 100 200 300 400 500 600 700
day
ice
ICE DATA FOR GREEN BAY
ZONE ] n /] v v vi vil
ICE IN 93/94* 01 JAN 01 JAN 01 JAN 01 JAN 01 JAN 01 JAN 01 JAN
ICE OUT 94 11 APR 11APR 11APR 12 APR 12 APR 15 APR 15 APR
ICE IN 94/95 19 DEC 4 JAN 4 JAN 6 JAN 8 JAN 18 JAN 20 JAN
{CE OUT 95 29 MAR 6 APR 6 APR 6 APR 6 APR 03 APR 31 MAR
ICE IN 95/96 6 DEC 8 DEC 8 DEC 10 DEC 10 DEC 12 DEC 18 DEC

*all regions +90% covered by 03 Jan

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

141



142

Figure 4-10. The effect of ice cover on methane concentrations in Green Bay. a) The dark
gray circles represent the weight averaged concentrations of methane measured in zone 3
on October 25™. 1994 and April 20", 1995. The gray bar indicates ice cover. The light
gray circle represents the concentration of methane measured directly under the ice at
station GB21 (in zone 3) on February 25", 1997. All events are plotted against a calendar
year beginning on October 25". See text for further explanation. b) The methane
concentration versus depth at station GB21 on February 25", 1997.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.070 -

0.065 -

0.060

[CH,] uM

0.055

0.050

0.045

depth (meters)

Zone 3

ice

>
»
autumn ventilation winter stockpile spring ventilation
e,
20 40 60 80 100 120 140 160 180 200
days since October 25
a
GB21
25 Feb 1997
ice
o
2 B
4
>
6
8
10 D
12 >
14 -
16 -
18 -
0.02 0.03 0.04 0.05 0.08 0.07
[CH,] uM

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

143



144

increase in methanogenesis. concentrations fall off to a new “steady state™ where the flux
of methane from the sediment approximately equals the flux of methane to the
atmosphere. As mentioned above. once ice forms. the concentrations of methane will
increase until spring ice melt. Assuming that conditions under the ice are approximately
equal on an inter-annual basis. then the concentration of 0.060 UM methane measured on
February 25" after ~ 40 days of ice cover strongly suggested that the net rate of methane
production under ice was low.

After the ice breaks up. the same process that occurred in late fall occurs again as
methane not supported by the rate of production gets vented to the atmosphere.
Estimating the flux of methane to the atmosphere during this period is difficult since
measurements of methane under the ice just before spring melt are difficult to obtain.
Taking advantage of the slow response time of deep water, it is possible to back calculate
a rough estimate of the methane concentration just before ice-out. [n 1995. zone 7 was
considered ice-free on March 31%. Nineteen days later. the average concentration of
methane was measured at 0.031 uM. Based on an average water column depth of 20.8
meters and an assumed (moderate) piston velocity of 2 meters per day, the half life of
methane in the water column was 20.8 /2 * 0.693 or ~ 7.2 days. If the flux of methane
from the sediment was set to zero during this period. then the maximum water column
concentration possible at ice-out would have been approximately 0.031 * 2** or ~0.190
uM. If the flux of methane from the sediment is considered, the maximum concentration
drops considerably. Taking the difference between the maximum concentration at ice out
and the observed concentration on March 31¥ and multiplying by the volume of water in

southern Green Bay gave an upper flux estimate of ~0.16 uM * 22.5 km’ or ~ 0.4 x 10
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moles CH, over the 19 day period. This would only amount to ~ 3% of the expected
annual flux of methane across the air-water interface based on the sediment-water flux
estimates of Klump and Fitzgerald (1998). Therefore. in terms of an annual estimate of
methane flux across the air-water interface. the possible error associated with missing a
major flux event just after ice-out is small.
Atmospheric Exchange

Daily estimates of methane flux across the air-water interface in each of the seven
zones of southern Green Bay were calculated using equation 3-1. where K = the transfer
coefficients derived in Chapter 3 (Figure 3-7), and AC = C,, -C,, where C,, = the dissolved
methane concentrations of the mixed layer (epilimnion) and C, = the concentration of
methane in the surface water micro-layer which was assumed to be in equilibrium with
atmospheric methane. The concentration of methane in the air over Green Bay was
measured throughout the study and interpolated over a year to give a mean mole fraction
of 1.96 ppm (Figure 4-11). The partial pressure of methane was taken as the product of
the mole fraction and the average atmospheric pressure (992 hPa) to give 1.92 patm. The
molarity of methane in equilibrium with atmospheric methane (C.) was calculated as the
product of the partial pressure of methane and its solubility coefficient (see equations 2-1
and 2-2) which was calculated using the surface temperatures derived in Chapter 3 (Figure
3-5). Daily estimates of C,, in each of the 7 zones of southern Green Bay were based on
linear interpolations between the spatially averaged concentrations measured during each
of the transect cruises shown in Figure 4-5. The concentrations of methane just prior to
and after ice cover were taken as the mean of the last and first concentrations measured

during 1994 and 1995 respectively.
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Figure 4-11. Atmospheric methane mole fractions measured over Green Bay during 1993,
1994. and 1995. The mean concentration for the samples shown (n = 59) is 2.05 ppm.
Interpolation over the entire year gave an average concentration of 1.96 ppm.
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The net flux of methane from Green Bay to the atmosphere is shown together with
daily flux estimates in Figure 4-12a (1994) and 4-12b (1995). Average daily flux estimates
from Green Bay to the atmosphere are given for each year. month and zone in Table 4-2.
The annual flux of methane from each zone is given in Figure 4-13. Flux estimates from
the first few days of January 1995 (before the onset of ice cover). were included in the
1994 flux estimate. Based on the air column stability-corrected U/ K relationships of
Broecker et al. (1978). ~ 13 x 10’ moles of methane were vented to the atmosphere from
southern Green Bay in 1994. In 1995. the value increased to ~ 16 x 10’ moles.

Inter-annual variability

The flux of methane to the atmosphere varied considerably on both an intra- and
inter-annual basis. While much of the variability due to seasonality was understandable. the
differences observed between 1994 and 1995 were intriguing. In zones 2 and 3 for
instance, methane flux to the atmosphere increased ~ 50% from 1994 to 1995.

An intriguing explanation for this may have to due with the dramatic difference in
wind directions that occurred in 1994 and 1995. Hourly wind velocities recorded at buoy
#45002 were broken down into their u (east) and v (north) component vectors and
summed. The results are shown in Figure 4-14a. The vectors both begin at the origin on
April 1* and run in the direction that the wind came from. The first of each month is
indicated with a circle. the numeral above each circle indicates the month. In 1994. the
wind blew fairly consistently from the southwest, straight up the major axis of the bay. In
1995 however. the wind tended to come from the southeast and blow across the minor
axis of the bay. Only during September and October of 1995 did the average direction

veer southwest.
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Figure 4-12. Methane flux from Green Bay to the atmosphere based on air column
stability-corrected wind speeds from buoy #45002. the U / K relationship of Broecker et
al. (1978) and air-water methane concentration gradients derived in this chapter. a) 1994
flux estimates for Green Bay zones 1-7. b) 1995 flux estimates for Green Bay zones 1-7.
Gray lines show daily flux estimates. Black lines show the accumulative flux over time.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1994 methane flux
Green Bay zone 1
] 600
. 500
5 wo
T S 5]
; = £
g 4
: %0 3
z é
2 100
) a
100 150 200 250 300 350
— amty Az
duy (Wom 01-Jan-94) = o
1994 methans flux
Greoen Bay zone 4
$ 300
.
5 ™ £
‘E 3 o
g i
E 1
y 2
%, 100 g
1
4 a
100 150 200 25C 300 350
— oty A
day (vom 01-Jan-94) P Ay
1984 methane flux
Green Bay zone 7
S 300
.
§ ™ £
€3 E
52 g
%, 100 5

T V=

100 156 200 250 300 350
day (vom O1-Jan-g4)  —— dwiy Rux
— AT

1994 methane flux
Green Bay zone 2

»

T 'E
$ =
E 3 'é
3 o 3
3 é
1
] i o
100 150 200 250 300 150
day (rom 01-Jan-94) —— amyas
— LG AT
1994 methane flux
Green Bay zone S
H 300
4
T oK
2, %’
£ 2 <
g 0o §
3 a
1
[ [
ety Ao

CH, b (nniol m’ day )

CH, fux (mmol m* day )

-

“

~

-

1994 methane flux
Green Bay zone 3
300
=
;
o

Sh

100 150 200 250 300 350

day (Wom 01-Jan-94) —— cmty fux
— A wm

1954 methane flux

Green Bay zone 6
300
.,;
200
r
Q
B
E
o)
M
q
100 150 200 250 300 150
day (rom 01-Jan-94) — casly R
— N WA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

150



1995 methane flux
Groan Bay zone 1
10
600
s 0
5 E
PR w F
E -
00 €
4
2 H
3 ™ a
2
100
] L)
100 150 200 250 300 350
—— awiy x
day (Wom 01 -Jan-95) o Axam
1995 methans flux
Green Bay zone 4
s 300
4
H w0 £
T3 é
5 2 §
‘;; 100 E
1
[} Q
100 150 200 250 300 1%
—— amty A
day (rom 01-Jen-§5) T oW O
1995 methane flux
Green Bay zone 7
s 300
4
4 m £
3 z
; E
g2 H
g. |°0§
1
o M 0
100 150 200 250 300 3%
— ey a
duy (from 01-Jan-95) e

CH, $ux (mmol m ¢ aay ')

1995 mathans flux
Green Bay zone 2

-

T ‘E
i =z
e 3 3
2
f 3
' 2
: oo 3
3 a
1
0 ]
100 150 200 250 300 350
day (kom 01-Jan-95%) —— amty An
— e AT
1995 methane flux
Green Bay zone S5
s
300
4
&
3 w0 T
2 §
10 g

[
100 150 200 2%0 300 350

— LT
ey WOM 01-4an-05)  __ aun'wen

CH, fua (ol m* day ')

CH, Aux (rvmot m* aay ')

1995 methane flux
Green 8y zone 3
300
e
200
b4
o
o 2
é
[}
100 150 200 250 300 350
day (rom 01-Jan-95) — amty A
— g BT
1995 methane flux
Green Bay zone 6
300
™ >
o
|
E
100 §
é

f&

100 150 200 250 300 350

day (rom 01-Jan-95) — dety A
— AT

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

151



Table 4-2. Average daily methane flux estimates from Green Bay to the atmosphere.
Values are given for each year, month and zone. Asterisks denote months when ice
covered a particular zone for the entire month. Values given for January. March. April and
December reflect the average flux for ice free periods. See Figure 4-9 for specific ice
cover dates.
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ZONE z1

1994
1 B
2 -
3 N
4 2.02
5 1.51
6 1.53
7 1.99
8 1.27
9 1.43
10 3.49
11 3.18
12 3.09

1995
1 .
2 .
3 1.79
4 1.94
5 1.29
6 0.95
7 0.94
8 2.65
9 4.13
10 4.39
11 3.73
12 2.94

Green Bay
methane efflux to atmosphere
mmol m- day!

0.14
0.05
0.05
0.15
0.24
0.25
0.37
0.30
0.27

0.44

0.20
0.09
0.07
0.11
0.32
0.52
0.72
0.80
0.42

0.15
0.04
0.05
0.18
0.23
0.14
0.32
0.31
0.28

0.06
0.02

0.13
0.17
0.11
0.13
0.11
0.11
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Figure 4-13. Methane flux sums from southern Green Bay (zones 1-7) to the atmosphere
in 1994 and 1995. Top left) Annual methane flux per square meter of zones 1-7. Top

right) Annual methane flux per zone. Bottom) Tabulated methane flux sums from southern
Green Bay to the atmosphere.
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Figure 4-14. Inter-annual variability in wind direction and water column temperatures. a)
Wind vectors for 1994 (gray circles) and 1995 (open circles) based on hourly wind
velocities measured at buoy # 45002. The vectors begin at the origin on April 1¥ and run
toward the direction the wind is coming from till October 31%. b) Temperature profiles
showing intrusion of cold Lake Michigan water into the hypolimnion of Green Bay at
station GB43 (zone 6) and station GB17 (zone 3).
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Because of the morphology and hydrodynamic properties of the bay. the
circulation patterns must have been different in 1994 and 1995. In Green Bay, wind
induced water currents tend to travel 0-40° to the right of the prevailing wind direction
due to the Coriolis force (Mortimer 1978). The degree of deflection between surface
winds and the net direction of water influenced by surface wind (i.e. the Ekman layer)
depends primarily on water depth and wind speed. For a wind speed of 5 m/s, the
theoretical depth of the Ekman layer is approximately 30 meters (Pond and Pickard 1978).
If the water column is shallow enough, the currents generated by surface winds encounter
the bottom sediments. When this happens, friction with the bottom overcomes the Coriolis
force and the water mass appears to deflect to the left (when viewed relative to the surface
current). The net direction of the movement of the water mass then falls closer to the
direction of wind. When the water column depth decreases to approximately 10% of the
Ekman layer depth. the net direction of water flow is essentially equal to that of surface
winds (Pond and Pickard 1978). As wind speeds increase. the depth of the Ekman layer
increases and hence, the probability that friction with the bottom will cause a decrease in
the net deflection between wind and water currents. As water begins to move in response
to the friction caused by wind. conservation of mass dictates that an equal mass of water
replaces that which was moved. For a southerly wind over Green Bay. water will tend to
move northeastward along the major axis of the bay. If the surface behaves as one sheet,
then bottom water must replace the mass of water displaced to the north. This sets up a
“conveyor belt” of water motion that has been observed in many estuarine environments
including Green Bay (Miller and Saylor 1993). The description is oversimplified, but it

suffices for the following argument.
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Specifically, the northeastward flow of surface water in 1994 probably exceeded
that of 1995, resulting in a greater upwelling of hypolimnetic water in the southern bay
and intrusion of bottom water from the north. The temperature profiles in Figure 4-14b
confirm this. In August of 1994. bottom water temperatures at station GB43 were actually
colder than those measured in June. This could only have occurred through an intrusion of
cold Lake Michigan water. The temperature profiles at station GB17 show this to an even
greater extent. A concomitant decrease in surface sediment temperature would have
dramatically reduced the rate of methane production based on the temperature/methane
flux relationship observed in zone 5 (Figure 4-6).

The effect of temperature on the observed differences in methane flux can be
modeled. in part. for the month of August in zone 3 (Figure 4-15a). The average wind
direction in August1995 was perpendicular to that of 1994 (Figure 4-15b). Average wind
speeds differed by only 0.5 m/sec (1994. 5.9 m/sec: 1995. 5.4 m/sec) and yet the average
flux of methane doubled from 0.24 mmol m™ day” in 1994 to 0.49 mmol m” day" in 1995
(Table 4-2). Temperature profiles of the water column at GB 17 showed that while
surface temperatures differed by only ~ 2 °C, bottom water and (presumably) surface
sediment temperatures were ~ 12 °C warmer in 1995 (Figure 4-15c). Based on the slope
of the methane flux/temperature correlation shown in Figure 4-6b. the flux of methane to
the atmosphere should have increased by a factor of €° %" '* or 2.05 in 1995. This closely
agrees with the observed factor of 2.04 (Figure 4-15d). Thus, it stands to reason that a
significant fraction of the observed inter-annual difference in methane flux to the
atmosphere can be explained by differences in sediment temperature that occurred during

the two field seasons.
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Figure 4-15. August wind directions and the inter-annual variability of surface water
methane in zone 3. a) Location of station GB 17 in zone 3. b) Wind vectors for August
1994 (gray circles) and 1995 (open circles) based on hourly wind velocities measured at
buoy # 45002. The vectors begin at the origin on August 1* and run toward the direction
the wind is coming from till August 31%. ¢) Temperature profiles showing intrusion of cold
Lake Michigan water into the hypolimnion of zone 3 in August of 1994 and the absence of
an intrusion in August of 1995. d) Calculation of expected increase in methane flux based
ona 12 °C temperature increase and the temperature / methane flux correlation observed

in zone 5.
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Southerm Green Bay Methane Budget

Klump and Fitzgerald (1998) have estimated that approximately 14 x 10" moles of
CH, flux from the sediments to the water column in southern Green Bay each year (Figure
4-16). The Fox River contributes an additional 0.8 x 107 moles of CH; based on an
average surface water (~2m) concentration of ~ 2 uM CH, and the total Fox River flow
measured during 1994 (4 x 10° m’). Methane contributions from other rivers entering
southern Green Bay were ignored based on the rapid attenuation in methane
concentrations observed on July 14™. 1994 when the sampling transect ran into and out of
the mouth of the Menominee River (see Figure 4-2). The net advective flux of methane to
northern Green Bay (past Chambers Island) was estimated to be less than +0.1 x 10
moles per year. A maximum positive flux was calculated by assuming the entire water
mass of southern Green Bay exchanged with water from the northern end of the bay in 0.8
vears. If the methane concentration in northern Green Bay was taken as 0. then the
average surface water methane concentration of 30 nM in zone 7 multiplied by the volume
of southern Green Bay (22.5 km’) times the annual exchange rate (1.25) gave a positive
flux of 0.084 x 10’ moles CH; per year. In reality, there was probably a small influx of
methane from the northern portion of the bay. The maximum vertical gradient in methane
concentration at station GB67 was assumed to occur at the end of summer. On September
14™, 1994, the hypolimnetic methane concentration was only ~ 10 nM greater than that of
surface waters. Taking the product of the concentration difference and flushing volume
gave an influx of 0.028 x 10’ moles CH; to southern Green Bay. In either case. the fluxes

were insignificant in terms of the overall methane budget.
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Figure 4-16. Methane budget for southern Green Bay (zones 1-7).
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Using the mass balance approach (equation 4-1). the expected annual flux of

methane across the air-water interface was equal to Jo» + [ - E or

(14+0.8 £0.1)x 10" = 14.8 x 10" moles CH..

Estimates of methane flux to the atmosphere based on Fick’s first law (equation 3-
1) ranged from an average of ~ 14.5 x 10’ moles per year to ~ 1.5 x 10’ moles per year
depending on the choice of transfer coefficients (see Figure 3-9). The highest fluxes of
methane (~ 14.5 x 10" moles CH, year™') were generated using the air column stability-
corrected transfer coefficients of Broecker et al. (1978) (Figure 4-17). If a neutral drag
coefficient of 1.3 x 10~ was used throughout the year to estimate the wind speed at 0.6 m
from data recorded at 5 m (i.e. the Uy 6:Us o factor). estimates of the annual flux of
methane from Green Bay were reduced by ~ 25% to ~ 11 x 10’ moles. Using the Liss and
Merlivat (1986) relationship to calculate the transfer coefficient (K) resulted in a flux
estimate reduction of ~ 67% to ~ 5 x 10’ moles CH,. For a constant K value of 50 cm day’
' (Cole et al. 1994), methane flux estimates decreased ~ 90% to ~ 1.5 x 10" moles CH.

Correspondingly. the amount of (water column) methane oxidation required to
balance the methane budget ranged from ~ 0 to 90% of the methane flux from the
sediments. In light of the fact that significant methane oxidation has not been observed in
oxygenated water columns (Lidstrom and Somers 1984, Heyer and Babenzien 1985,
Kuivila 1988, Schmidt and Conrad 1993. Scranton et al. 1993, Thebrath et al. 1993), flux
estimates based on shear corrected wind speeds and the U / K relationship of Broecker et

al. (1978) seemed most appropriate.
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Figure 4-17. Total flux of methane from southern Green Bay (zones 1-7) and its
dependence on the wind speed / transfer coefficient relationship. “Broecker™ refers to the
U / K relationship determined by Broecker et al. (1978) where the wind speed (U) is
corrected for the air-water temperature gradient and its affect on shear in the air column.
“Neutral CD” refers to Broecker’s U / K relationship assuming a constant drag coefficient
of 1.3 x 10”. “Liss and Merlivat” refers to the U/ K relationship given by Liss and
Merlivat (1986). “Cole” refers to a constant K value of 50 cm day”' (Cole et al. 1994).
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Using similar values of Uy . the Broecker et al. (1978) transfer coefficients
resulted in methane flux estimates which were 2.2 times higher than those of Liss and
Merlivat (1986). A recent study by Keeling et al. (1998) corroborates this finding. Based
on seasonal variations in the ratio of atmospheric oxygen to nitrogen in the northern
hemisphere. the Liss and Merlivat (1986) relationship underestimated the rate of air-water
gas exchange required to support the observed atmospheric cycles by a factor of 2.47. The
implications of these finding are significant because the U/ K relationship of Liss and
Merlivat (1986) has been used extensively over the past decade to estimate air-water gas
transfer (Wanninkhof 1992).

The accumulative error associated with my methane flux estimates is probably less
than + 20%. Annual flux estimates for 1994 and 1995 agreed to within 20% in spite of the
fact that surface water methane concentrations were measured over different dates and
transect routes. In addition, much of inter-annual discrepancy was shown to be due to
differences in wind direction which resulted in warmer sediment temperatures and a higher
methane production rate in 1995.

The average air-water flux of methane (14.5 x 10" moles year™") calculated from
Fick's first law (equation 3-1) agreed to within 2% of the mass balance calculation
(equation 4-1). However, the strength of this correlation rests on the assumption that
methane oxidation in the water column of Green Bay is negligible. This needs to be
confirmed directly.

Conclusions
The methane data presented here represent one of the larger surveys of methane

ever undertaken and the first to incorporate the use of a disk equilibrator. The equilibrator

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



169

showed a considerable lag in equilibrating with in situ methane concentrations with an e-
folding time of ~ 14 minutes. but this could be corrected for if the flow rate of water
passing through the equilibrator and volume of air in the equilibrator headspace was
known.

Surface water methane concentrations varied considerably over both temporal and
spatial scales. The lowest concentrations of methane generally occurred in deep water near
Chambers Island and did not differ significantly from water in equilibrium with
atmospheric methane (~ 3 nM). The highest concentration of methane was measured in
the Fox River (4.86 pM). In order to isolate specific factors that might have had an
influence on surface water methane concentrations, the 1635 km® study site was divided
into seven zones ranging in size from 14 to 380 km". When the methane values measured
during each cruise were spatially weight averaged over the seven zones. several striking
patterns emerged. In the area south of Long Tail Point (defined as zone 1). methane
concentrations were closely linked to the outflow of methane from the Fox River. In
Sturgeon Bay (zone 5). methane correlated strongly with temperature. Concentrations
doubled for every 10°C increase in temperature. Using average monthly wind speeds.
methane flux to the atmosphere increased by a factor of 1.8 for every 10 °C increase in
temperature.

Estimates of methane flux from southern Green Bay to the atmosphere based on
air-water concentration gradients, shear corrected wind speeds and the U / K relationship
of Broecker et al. (1978) resulted in annual fluxes of 13 x 10" moles CH, yr'' in 1994 and

16 x 10" moles CH, yr’' in 1995. Inter-annual differences in methane flux were shown to
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be largely due to dramatic differences in wind direction—which altered the hydrodynamics
of the bay and ultimately. sediment temperatures.

The two-year average annual flux of methane to the atmosphere agreed to within
2% of the estimate of methane influx from sediments and rivers to southern Green Bay
(14.8 x 10" moles CH; yr'': Klump and Fitzgerald (1998) and this study). The implied
support for the U / K relationship of Broecker et al. (1978) suggests that the kinetics of
air-water gas exchange are 2.2 times higher than that predicted by the frequently used U /

K relationship of Liss and Merlivat (1986).
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Chapter 5

The Dynamics of Surface Water Carbon Dioxide in Green Bay

Introduction

Carbon is arguably the keystone element in an ecosystem and an understanding of
the carbon cycle is essential to understanding how an ecosystem functions. However. the
chemistry of both organic and inorganic carbon is complex and the flux of carbon within
and between biological and non-biological compartments can be rapid.

The situation is somewhat simplified as CO: is often the primary medium of
exchange. In aquatic environments. photosynthetic autotrophs take up CO, during the day
(and respire it at night) while heterotrophic organisms consume organic carbon and respire
CO-. Dead organisms fall to the sediment where the organic carbon is either buried
permanently or respired to (predominantly) CO-.

If the rate of photosynthesis (P) differs from respiration (R). then the concentration
of CO» either increases (for P/R < 1) or decreases (for P/R > 1). However. physical
processes simultaneously drive the CO; concentration back to thermodynamic
equilibrium—either through air-water gas exchange or carbonate precipitation or
dissolution. Therefore. the concentration of CO- at any given time gives an integrated
history of the kinetics of individual processes affecting the CO- concentration. If the
dynamics of CO, are measured across various temporal and spatial scales. then one can
begin to understand which processes play an important role in the carbon cycle.

This study was conducted in part to determine whether or not southern Green Bay
acts as a net sink or source for atmospheric CO,. A net import of CO; to Green Bay

would imply a P/R ratio of greater than one and a system dominated by autotrophic
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organisms. If Green Bay was a closed system—without external imputs—autotrophy
should dominate just as it does on Earth as a whole (in the sense that some organic carbon
is buried). However. the influx and subsequent respiration of allochthonous organic
carbon could shift the apparent P/R ratio to values less than one.

A recent survey by Cole et al. (1994) found that an overwhelming majority (87%)
of 1835 lakes were supersaturated with CO- with respect to the atmosphere. This suggests
that inputs of terrestrially derived organic carbon play a substantial and dominant role in
the apparent balance between heterotrophy and autotrophy in lakes in general (del Giorgio
and Peters 1993. del Giorgio et al. 1997). Whether or not this is true in Green Bay can be
determined by measuring the concentration gradient of CO; across the air-water interface
over time. Using Fick's first law (equation 3-1), the flux of CO: from Green Bay to the
atmosphere (J,w) can then be determined as the product of the air-water CO: gradient and
the transfer coefficients that were derived in Chapter 3.

Reasonable estimates of the P/R ratio can also be calculated using published
estimates of areal primary productivity (i.e. P) in Green Bay (Sager and Richman 1990.
1991). Temporarily ignoring the effects of carbonate precipitation and advective (non-

atmospheric) CO, exchange. the ratio of photosynthesis to respiration can be taken as

PR = P/ (P + Jaw). (5'1)

where all terms are expressed in units of moles C area” time™ and a positive flux of CO;

across the air-water interface (J,w) translates to a net loss of CO; from the bay to the

atmosphere.
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Measured rates of primary production span an order of magnitude on a volumetric
basis from the hypereutrophic Fox River to the meso-oligotrophic conditions found north
of Chambers Island (Sager and Richman 1991). By calculating the P/R ratio in each of the
seven zones along this trophic gradient (see Figure 2-11). Green Bay should serve as an
excellent model for the effect of terrestrial loading on aquatic systems and the relationship

between autotrophy and heterotrophy in coastal systems.

The carbon dioxide system in Green Bay

While a comprehensive description of the carbon dioxide system is beyond the
scope of this study (see Butler 1982 and Skirrow 1975). a brief description of some of the
terms that will be used are in order. To begin. carbon dioxide differs from most gases in
that when it dissolves in water. it hydrates and ionizes to carbonic acid. bicarbonate and

carbonate according to the following reactions:

CO,(g) = CO,(aq) (5-2)
CO,(aq) + H,0 = H,CO4(aq) (5-3)
H,CO,(aq) = H (aq) ~ HCO;(aq) (5-4)
HCO;(aq) = H " (aq) + CO3 (aq) . (5-3)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



174

Since the concentration of carbonic acid at equilibrium is only ~ 10° times that of [CO-].
the two uncharged species are generally combined. In this study. the two species will
simply be referred to as [CO-].

Using “hybrid” notation (Butler 1982), the concentrations of the various species

can be described as:

K, =[C0,]/ f(CO,) (5-6)
K, = 107"[HCO5]/[CO,] (5-7)
K, =10""[{CO3™]/[HCO;]. (5-8)

where the fugacity of CO; is in atmospheres. the concentrations are expressed on the
molality scale. the activity of the hydrogen ion is expressed on the NBS scale (where {H}
= [H'] at y+ = 1) and the activity coefficients for each of the carbon dioxide species (i.e
yo. y- and y--) are included in the equilibrium constant. Total CO, (£CO, or Cy) is defined
as the sum concentration of [CO-] + [HCO;} + [CO;Z']. Carbonate alkalinity (Ac) is
defined as [HCO;'] + 2[CO;*] + [OH] - [H] and. in fresh waters like Green Bay.
accounts for approximately 99.7% of the total alkalinity (Ar). Skirrow (1975) gives
another definition of carbonate alkalinity (Ca) as [HCOs] + 2[CO;"]. At pH values found

in Green Bay, Ca = 99.8% of Ac. If any two of the four CO, parameters (i.e. pH. fCO- .
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ZCO,, and Ac) are known along with the appropriate equilibrium constants (Ky. K. and

K3), then the other two parameters can be calculated using the equations given above.

The value of K, is given in Chapter 2 (equation 2-14) and is considered accurate
since yo is fairly immune to the ionic strength of the medium (Butler 1982). This is not the
case for K, and K; and a rigorous determination of these equilibrium constants has yet to
be made in Green Bay. Weiler (1975) found that the Lyman’s (1956) equilibrium constants
at zero ionic strength gave the best fit between calculated and measured pCO; in Lake
Erie and Lake Ontario. The correlation deteriorated when an attempt was made to correct
for ionic strength. The reasons for this were not elaborated on. However. based on a very
limited data set. the same conclusions were reached in Green Bay during this study. ZCOa.
pH and fCO, were measured while underway on a transect from the Fox River to
Sturgeon Bay on August 29", 1995. Lyman's constants at zero ionic strength as given in

Skirrow (1975) were fit to 2"-order polynomial equations to give

pK, = 6.58083 - 0.01288t + 0.00015t°, (5-9)

and

pK> =10.6192 - 0.01402t + 0.00010t". (5-10)

where t = temperature in °C, then used to calculate ZCO: using pH and fCO: (Figure 5-1.

solid black line). The fit with measured ZCO, (Figure 5-1, gray circles) was reasonable
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Figure 5-1. The calculated versus measured ZCO, concentration along a transect from Fox
River (0 km) to Sturgeon Bay (110 km). The calculated ZCO, values were determined
from pH. fCO- and the equilibrium constants of Lyman (1956) at zero ionic strength
(solid black line) and the calculated ionic strength (0.0047 M, dotted black line). The gray
lines represent calculated ZCO- concentrations at + 0.02 pH units from the measured pH.
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considering the spatial heterogeneity of the system and the accuracy of the pH (~ £0.02
pH units, gray lines) and ZCO: (~ £5%. 0.1ml sample size) measurements. If the
equilibrium constants were corrected for the average calculated ionic strength of 0.0047

M (Table 5-1), the calculated ZCO- (Figure 5-1, dotted line) appeared to be ~ 10% high.

The average y- calculated for an ionic strength of 0.0047 M was ~ 0.93 (Davies
equation). An estimate of the activity coefficient for the hydrogen ion (y+) was calculated

from Gran titration alkalinity plots (Figure 5-2) that were generated from samples

obtained at the Fox River, GB 17. and GB 32. Where

v+ =(df1/dV) x (Va/Ca),  (Butler 1982) (5-11)

and

fl=[(V+Va)/Va]x 0™, (5-12)

V = volume of the sample. Va = the volume of the titrant (HCI), Ca = the concentration of
the titrant, and y+ = 0.96 (Fox River), 0.98 (GB 17), and 0.99 (GB 32). Assuming y- =
v+, it would appear that the activity coefficients calculated using the Davies equation are

somewhat lower than they should be. The discrepancies are consistent with what would
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Table 5-1. Approximate charge balance, ionic strength. and activity coefficients for
southern Green Bay based on average chemical concentrations given in Torrey (1976).
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CHARGE BALANCE
cation anion
mgL mmolll. positive charge mo'lL mmolL  negative charge
Ca 35.000 0.875 1.750 HCO3 2150 2.150
Mg 12.000 0.494 0.988 a 12.000 0.339 0.339
Na 5.000 0.217 0.217 SO4 20.000 0.208 0.417
K 1.000 0.026 0.026 co3 0.040 0.080
BORON 0.100 0.009 0.028 NO3 0.200 0.014 0.014
PO4 0.050 0.002 0.005
... & e 3008 @ e E 278 3004
IONIC STRENGTH =~ ‘ o -
1= 0.5 sum(Ciz*2)
conc charge c'z*2 conc charge C'z*2
Ca 0.875 2 3.500 HCO3 2150 1 2.150
Mg 0.494 2 1.975 a 0.339 1 0.339
Na 0.217 1 0.217 SO 0.208 2 0.833
K 0.026 1 0.026 co3 0.040 2 0.160
BORON 0.009 3 0.083 NO3 0.014 1 0.014
PO4 0.002 3 0.015
z cation 5.802
z anion 3.511
z 9.312
moles/liter
lonic strength 0.0047
. ients
DAVIES EQUATION
log g =0 52°2 ()

where f(1) = ((I* ¥1+* 5) - 31)(29681+273)*2/3

temp charge gamma

15 1 0.929
15 2 0.745
15 3. 0516
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Figure 5-2. Gran titration plots for water samples collected at Fox River. GB17. and
GB32. See text for derivation of H™ activity coefficient (y+). Black circles indicate points
used to calculate df1/dV. Vo = volume of water sample, Ca = normality of HCl used to
titrate sample. TA = total alkalinity and y+ = calculated activity coefficient for the
hydrogen ion (H).
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occur if ion-pairing was taking place. Whatever the cause. a more thorough examination is
needed. For the time being, Lyman’s estimates of K; and K, (equations 5-9 and 5-10) will

be used.

The values of K, K; and K primarily depend on temperature. Consequentially, the
apparent fugacity of CO, in water also depends on temperature. As water temperatures
fluctuate. the solubility of CO, will change as will the equilibrium distribution of the
carbonate species. Separating the effects of biology and temperature on CO:
concentrations, therefore, can be difficult. For this reason. a considerable amount of
research has gone into determining the affect of temperature change on fCO: in seawater
(see Millero 1995). Similar work has not been done in freshwater but a reasonable
estimate can be made here using the August 29", 1995 pH and fCO- data (used to
generate Figure 5-1) and the equilibrium constants given by equations 2-14. 5-9. and 5-10.
To begin, [CO-]., [HCO;], [CO;™]. Cr. and C, were calculated from measured values of
pH. fCO,. temperature. and the appropriate equilibrium constants using equations 5-6. 5-
7. and 5-8. Cx was plotted against Cr (Figure 5-3a) to give a Ca/Cr slope of 1.056. Based
on the average southern Green Bay value of Cr (~ 2.3 mmolkg. Appendix 5). a Ca/Cr
ratio of 1.028 was used to calculate the change in [CO,] and fCO- with temperature.
Assuming constant Cr (2300 pmolkg) and Ca (2363.5 umol/kg) (i.e. a closed system),
[CO,] was back-calculated for temperatures between 0 - 25°C using the equation (from

Skirrow 1975):
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Figure 5-3. Effects of temperature on the concentration ot CO: in southern Green Bay. a)
The relationship between carbonate alkalinity (C4) and total inorganic carbon (Cr) in
Green Bay. Gray circles show values calculated from pH and fCO. Black circles show
measured values of total alkalinity (Ar) and total inorganic carbon (Cr). Differences
between C, and Ar (< 0.3%) were ignored. b) Response of [CO:] to temperature at a
C/Cr ratio of 1.028. ¢) Response of fCO- to temperature at a Ca/Cr ratio of 1.028. d)
Change in response of fCO: to temperature at a Ca/Cr ratio of 1.028 as a function of
temperature.
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[CO:]=Ci-Ca+((Ca*Ki-Cr* K -4Ca + Z) / 2(K, - 4) (5-13)

where

Z =[(4Ca + C1r * K, - Ca * Ko)* + 4(K, - 4)CA°”° (5-14)

and K, = Ki/K,. The results are plotted in Figure 5-3b. and show a ~ 0.4% increase in
[CO,] for each °C in temperature increase due to shifts in K, and K. The fugacities for
each value of [CO] between 0-25°C were calculated using equation 2-14 and plotted in
Figure 5-3c. A linear fit of the data gave a slope of d In fCO./ dt =0.0377. The change

in fugacity due to a change in temperature was therefore calculated as:

In fCO: new Temp = In fCO- ogs temp + 0.0377dt. (5-15)

where dt = the change in temperature in °C. For example, for an initial fugacity of 350
patm at 0 °C, a temperature increase of 20 °C would cause the apparent fugacity to
increase ~ 112 % to 744 patm. A closer look at the plot of d In fCO, / dt versus

temperature (Figure 5-3d) revealed the relationship was not quite linear, but the error
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introduced using the linear assumption was small over the temperature range seen in
Green Bay. Scaling the d In fCO- / dt relationship at TA/Cr = 1.028 up to a ratio of Ta/Cr
typical of seawater (~ 1.1), d In fCO, / dt = 0.042 which. again, is typical in marine

systems (see Millero 1995, Takahashi et al. 1993. Weiss et al. 1982).

Another CO- parameter normally associated with marine systems is the Revelle or

homogeneous buffer factor. The Revelle factor (B) is defined by Butler (1982) as:

B =5CO,/ fCO: (3fCO/IZCO)ra = (@ log fFCO:/ 8 log ECO)ra, (5-16)

and describes the percent change in fCO caused by a 1% change in 2CO. at constant
alkalinity (Lewis and Wallace 1998). The value of B is sensitive to both temperature and
the ratio of total alkalinity to £CO,. In marine systems. B typically ranges from ~ 8
(AT/ECO; ~ 1.20) to 14 (A1/ZCO- ~ 1.06) (Takahashi et al. 1993). Interest in the Revelle
factor has for the most part been related to estimating the ocean’s capacity to buffer
anthropogenic increases in atmospheric CO,. However. for a given change in f CO.. the
Revelle factor can also be used to estimate the change in 2COs if direct measurements are

lacking (Takahashi et al. 1993).

An estimate of the Revelle buffer factor in southern Green Bay was made under

the assumption that At = Ac = Ca. Under these conditions. B is simply defined as:
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B = £CO, / [CO:] + [COs*] (Butler 1982). (5-17)

Using the pH. fCO,. and temperature data collected on August 29", 1995 and the values
of ZCO,, [CO.], and [CO;™7] that were calculated using equations 2-14. 5-6. 5-7. 5-8. 5-9.
and 5-10. estimates of B were calculated using equation 5-17 and plotted in Figure 5-4
(gray circles) in relation to the C, / Cr ratio observed along the transect route between the
Fox River (Ca/ZCO- ~ 1.05) and Sturgeon Bay (Ca/ZCO- ~ 0.99). Values of B were also
calculated using measured values of fCOa. Ar. and Cr from October 10", 1995 (Figure 5-

4. black circles) where [CO;”"] was assumed to be approximately equal to:

[COs*] = At - Cr - [COs). (5-18)

In both cases. estimates of the Revelle factor for the major basin of Green Bay (outside of
Sturgeon Bay and the Fox River) generally fell between 25 and 35—meaning that a 1%

change in ZCO; would result in a ~ 30% change in fCO-.

Surface water carbon dioxide

Over 1800 carbon dioxide measurements were made during the open water

transects of 1994 and 1995. The concentrations of CO, (expressed as fugacities) and
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Figure 5-4. Homogeneous buffer factor as a function of alkalinity/ZCO: in southern Green
Bay. Gray circles were calculated from data collected on August 29", 1995. Black circles
were calculated from data collected on October 10™. 1995.
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sampling sites are shown in Figure 5-5. Each of the concentrations. their coordinates. and
the physical parameters relevant to calculating each concentration are also given in
Appendix 3. Variations in fCO; in surface waters were large with individual
measurements ranging from greater than 900 patm in the Fox River and Sturgeon Bay to
less than 200 patm over portions of southern Green Bay.

Average surface water fCO, values (+ 1 SD) in each of the seven zones of
southern Green Bay revealed a more interesting spatial trend (Figure 5-6). In zone 1. the
average fugacity of CO, was ~ 390 patm. This was slightly higher than the average
fugacity of atmospheric CO: as shown by the gray dotted line (see below for derivation).
North of zone 1. the average surface water fCO- dropped below atmospheric equilibrium
and remained so till zone 5 (Sturgeon Bay). Though it appeared that zones 2. 3 and 4
would import CO; from the atmosphere on an annual basis, while the remaining zones
would export CO., bias in sampling dates and the coupling between changes in wind speed
and surface water fCO: preclude this assumption. Concentrations of surface water CO-
were measured under the ice on February 21 and 22. 1995 (Figure 5-7). While sampling
sites were limited due to ice conditions, fCO- values tended to be below atmospheric
equilibrium and averaged ~ 320 patm.

To simplify flux calculations and interpretations of large scale changes over space
and time. CO, fugacities measured over an entire cruise (~ 3 days) were spatially weight
averaged in each of the seven zones of the study site. This was accomplished by
interpolating the data over a grid of each zone using an exact inverse distance method
(equation 2-19). Each grid was then integrated and divided by its base area. Grid nodes

were spaced at 100 meter intervals in zone 5. 250 meter intervals in zone 1, and 500 meter
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Figure 5-5. Green Bay surface water fCO; values measured during transect cruises of
1994 and 1995. The axis range is adjusted to the highest observed concentration for each
day’s cruise. The transect distance represents the cumulative distance traveled in
kilometers. The location of each sample point is plotted with a circle. The area of each
circle is proportional to the concentration of COx.
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