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Abstract 15 

The partial pressure of CO2 (pCO2) in surface waters is an indicator of the state of a 16 

lake’s carbon cycle and net metabolic balance. In this paper, we present and compare 17 

pCO2 observations taken in Lake Superior in the last decade with the goal of reconciling 18 

the independent observations and using them to understand temporal and spatial 19 

variability in lake carbon processes. Using direct in situ observations in 2001 and bi-20 

annual EPA survey data for 1996-2006, we find that Lake Superior is, on average, 21 

supersaturated (mean = 412.7 µatm) with respect to atmospheric pCO2 (mean = 380.3 22 

µatm) in April and approximately at equilibrium (mean = 364.8 µatm) with respect to 23 

atmospheric pCO2 (mean = 359.3 µatm) in August.  Both datasets indicate that temporal 24 

variability in surface lake pCO2 is predominantly controlled by changing dissolved 25 

inorganic carbon (DIC). A well mixed water column prevents large fluctuations in pCO2 26 

in spring, but through summer and early fall, short-term variability in pCO2 (100-200 27 

µatm) increases over the summer at 12m, likely due to oscillations of the thermocline in 28 

the increasingly stratified lake. Year to year changes in surface lake pCO2 and 29 

temperature are of the same sign and approximate magnitude across the lake, consistent 30 

with its small size relative to the synoptic-scale meteorological systems that force it. We 31 

do not find clear strong correlation of the variability with any of the major climate 32 

indices.  33 

 34 

35 



1.Introduction 35 

 36 

Of the total export of organic carbon from terrestrial ecosystems in North America, only 37 

50% reaches the coastal oceans while 20% is respired in lakes and 30% is respired in 38 

rivers (Cole and Caraco, 2001). Cole et al. (2007) synthesized global observations and 39 

determined that inland waters receive approximately 1.9 PgC yr-1 of carbon from the 40 

landscape, of which 0.2 PgC yr-1 is buried in the systems, at least 0.8 PgC yr-1 is 41 

outgassed, and the rest (0.9 PgC yr-1) is delivered to the oceans. Landscapes such as 42 

Northern Wisconsin may have particularly strong aquatic – terrestrial carbon budget links 43 

because lakes and rivers cover a significant portion of the landscape (Buffam et al., 2009, 44 

submitted). The literature suggests that the net primary productivity from the Great Lakes 45 

(60-300 gC m-2 yr-1, Vollenweider et al., 1974) is comparable to that of the nearby 46 

terrestrial region (400 gC m-2 yr-1, Ahl et al., 2005). In order to achieve goals of 47 

determining emissions and uptake rates for North American biomes and major 48 

geographic regions (Denning et al. 2005), the Great Lakes must be considered.  49 

 50 

Lake Superior has the largest surface area of any lake in the world and is also deep, with 51 

maximum depths of over 400m. Thus, it holds 10% of the world’s freshwater and water 52 

residence times are over 170 years (Quinn 1992). Despite being the largest and the 53 

headwater lake of the Laurentian Great Lakes, the ecosystem and biogeochemistry of 54 

Lake Superior are understudied, in part due to the lake’s size and harsh climate that make 55 

observations difficult. Recent studies illustrate that the best estimates of the terms in the 56 

carbon budget of the lake do not balance with respect to each other (Urban et al. 2005, 57 



Cotner et al. 2004). This, combined with the fact that the Upper Mid-west is a region of 58 

intense study regarding the terrestrial carbon cycle and budget (Desai et al, 2008, Chen et 59 

al, 2008), motivates our current focus on Lake Superior. 60 

 61 

The ratio of the watershed to the Lake Superior surface area is small (approximately 62 

1.55) compared to the other Great Lakes such as Lake Michigan (ca.2), Lake Huron 63 

(ca.2.25), Erie and Ontario (ca. 3),  (Great Lakes Atlas, 64 

http://www.epa.gov/glnpo/atlas/index.html). Smaller impoundments generally have 65 

watershed area to lake surface area ratios greater than 100 and sometimes over 200 66 

(Wetzel, 2001). While the carbon budgets of lakes with large watershed area to lake 67 

surface area ratios are generally thought to be dominated by terrestrial inputs (Hanson et 68 

al. 2003, Cole et al. 2007), the small ratio of Lake Superior suggests that most of its 69 

carbon cycling may occur internally, i.e. with relatively less influence from the 70 

surrounding watershed. Instead, the physical properties of Lake Superior may have 71 

dominant influence on its carbon cycle. Lake Superior currents and stratification are 72 

controlled by surface wind forcing and heat fluxes (Chen et al., 2004). The lake mixes 73 

twice to the bottom each year, bringing remineralized dissolved inorganic carbon (DIC) 74 

and nutrients from depth to the surface. Water temperatures are cold and the water 75 

column is well mixed in winter and spring. There can be weak stratification in winter 76 

when the coldest water at surface is significantly colder than 4 ºC. The stratified season 77 

starts in June and lasts through September.  78 

 79 



Lake Superior is oligotrophic. Total phosphorus concentrations rarely exceed 0.1 to 0.15 80 

µM (Weiler, 1978, Williams and Kuntz, 1999), and these low phosphorous values limit 81 

primary productivity, as in many freshwater systems. A photosynthesis and respiration 82 

ratio (P:R) less than one, indicating heterotrophy, is common in mesotrophic and 83 

oligotrophic lakes (del Giorgio and Gassol, 1995; del Giorgio et al., 1997; Cole et al., 84 

2001). Urban et al. (2005) suggest that Lake Superior has a P:R ratio 0.2-0.4. If the lake 85 

is dominantly heterotropic, it suggests there must be a substantial terrestrial carbon 86 

subsidy. However, independent estimates of that subsidy suggest that it is small (0.54-0.9 87 

TgC yr-1) in comparison to respiration (13-81 TgC yr-1) and net annual lake-to-air flux 88 

rates (3 TgC yr-1), and other terms in the budget are not large enough to close the budget 89 

(Urban et al. 2005, Cotner et al. 2004). The small number of studies, focused either in the 90 

lake’s western arm or  nearshore, and do not include wintertime observations, certainly 91 

contribute to the current inability to balance Lake Superior’s carbon budget. 92 

 93 

Previous studies of the surface lake pCO2 have attempted to resolve the seasonal cycle, 94 

but the results disagree. Urban et al. (2004) estimated pCO2 values from measured pH 95 

and alkalinity and found that the lake was supersaturated with respect to atmospheric CO2 96 

for most months between April and November. Alin and Johnson (2007) estimated pCO2 97 

from observations from two NOAA cruises conducted May through November of 1968 98 

and 1969 (Bell 1980a,b) and suggest the lake is predominantly supersaturated. Based on a 99 

few observations, Kelly et al (2001) reported pCO2 in Lake Superior in summer to be 100 

below the annual mean atmospheric CO2. These findings disagree as to the magnitude 101 



and direction of seasonal air-lake carbon fluxes and do not provide a strong constraint on 102 

the lake’s carbon budget. 103 

 104 

In the global oceans, the magnitude of primary productivity and carbon fluxes in coastal 105 

areas are orders of magnitude larger than in the open ocean (Frankignoulle and Borges, 106 

2001, Knauer, 1993). Satellite images of the Great Lakes generally suggest highest 107 

productivity in the nearshore (C. Mouw, personal communication, 2009). Previous 108 

estimates of air/water carbon fluxes and other terms in the carbon budget have been based 109 

primarily on measurements taken within 10-30 km from the shoreline (Urban et al., 2004, 110 

2005, Kelly et al. 2001), and may be biased by inclusion of nearshore as well as offshore 111 

waters. 112 

 113 

In this paper, we investigate the seasonal cycle and magnitude of pCO2 in Lake Superior 114 

by analyzing recent in situ direct pCO2 observations from one western arm location taken 115 

during summer 2001 and also indirect estimates from semi-annual surveys for 1996-116 

2006. We use these data to shed light on the lake’s carbon cycle and to understand the 117 

processes controlling diurnal, seasonal and interannual variability in the surface lake 118 

pCO2 and lake to air CO2 flux.  119 

 120 

2. Methods 121 

2.1 EPA Data for indirect pCO2 estimates 122 

The U.S. Environmental Protection Agency (EPA) has been monitoring Lake Superior 123 

water quality since the early 1990s in twice yearly surveys (spring and summer).  During 124 



these surveys, a suite of water quality measurements is taken at 19 stations across the lake 125 

(Figure 1). The stations are primarily in the open water and so do not resolve nearshore 126 

processes. EPA measurements of pH, alkalinity and temperature in the water column 127 

were sampled at 4 depths in April, and at 6 depths in August, including the surface, we 128 

focused on the data based on surface observations only. We used CO2SYS (Lewis and 129 

Wallace, 1998) with freshwater constants to calculate pCO2 from pH, alkalinity and 130 

temperature. EPA measurements of pH and alkalinity were taken at 25°C, and were 131 

corrected for the calculation of pCO2 at in situ temperatures. We consider data from 132 

1996-2006 because prior to 1996 EPA sampling efforts were not consistent for stations 133 

sampled and variables measured.  We call these sampling times “April” and “August” 134 

because this is most representative of the cruise timings, but in fact the sampling times 135 

started as early as April 14 and as late as May 5 in the spring; and as early as August 13 136 

and as late as August 30 in summer, with the exception of 2005 when the summer 137 

sampling did not start until September 23. These data are available for download at 138 

www.epa.gov/glnpo/monitoring/data_proj/glenda/glenda_query_index.html 139 

 140 

We processed the EPA data as follows. We initially remove 1 data point with pCO2 141 

greater than 4000 uatm, as the pH value was abnormally low compared to neighboring 142 

stations in the same year (6.72 at SU16 in May 1996). Box-whisker plots of the 143 

remaining data (supplementary fig.1) illustrate that there are a few outlier points, but that 144 

the year-to-year variations in the median surface lake pCO2 has reasonable spatial 145 

coherence – i.e. does not appear driven simply by noise in the observations. Thus we 146 

believe that EPA data capture actual variability in Lake Superior pCO2. For further 147 



discussion and comparison to atmospheric pCO2 data, we then calculate the standard 148 

deviation for each April and August field campaign and remove outliers defined as 149 

greater or less than 3 standard deviations from the mean. The greater than criterion 150 

eliminates 1 point in April and 2 points in August, and the less than criterion removes no 151 

points. This leaves at least 15 points for each April and at least 14 points for each August.  152 

After outliers are removed, lake-wide mean pCO2 is estimated for each year, and the 153 

long-term mean is the average of all years. In the text, we also report the standard 154 

deviation for the August and April lake-wide mean value.  155 

 156 

2.2 Direct Measurements of pCO2 157 

In addition to the long-term, low frequency data from EPA, we analyze high frequency 158 

direct measurements of pCO2 in western Lake Superior taken in June-September 2001. A 159 

subsurface mooring was deployed 7.5 km offshore from Split Rock Light House near 160 

Duluth (Figure 1). The mooring was equipped with a Submersible Autonomous Moored 161 

Instrument for CO2 (SAMI-CO2) (DeGrandpre et al. 1995, Baehr and DeGrandpre, 2002, 162 

2004) and temperature sensor. The SAMI was deployed at 12 m depth in water of 250 m 163 

depth, and data was acquired half hourly from June 6, 2001 through September 11, 2001. 164 

We compare pCO2 data from SAMI location to pCO2 from the nearest EPA location 165 

(SU19, Figure 1) that is 64 km away. 166 

 167 

2.3 pCO2 Components 168 

Variability in temperature, dissolved inorganic carbon (DIC) concentrations, and 169 

alkalinity are the dominant influences on freshwater pCO2. It is desirable to separate 170 



these multiple influences as it helps us to better understand carbon cycle in the lake 171 

surface waters. For this study, we follow the approach of Takahashi et al (2002) in 172 

separating the influence of temperature (pCO2-T) from all other influences (pCO2-nonT). 173 

In order to do so, we must know the isochemical effect of temperature on freshwater 174 

(∂lnpCO2/∂T). Using CO2SYS (Lewis and Wallace, 1998), we estimate this coefficient 175 

for freshwater to be 0.038 °C-1, by calculating pCO2 for temperature (0 to maximum 176 

surface temperature, in increments of 0.1) for a mean DIC of 800-925 µmoles l-1 (in 177 

increments of 0.1) and alkalinity of 800-860 µmoles l-1 (in increments of 0.1).  Even 178 

though the coefficient is slightly different for each combination of DIC and alkalinity, we 179 

chose this coefficient most appropriate for the average conditions in Lake Superior based 180 

on the EPA surface water data. The two pCO2 components are then calculated as follows: 181 

 182 

   (1) 183 

   (2) 184 

where the overbars indicate the long-term mean.  185 

 186 

2.4 Statistical Analysis 187 

We use Empirical Orthogonal Function (EOF) analysis to study spatial and interannual 188 

variability in Lake Superior pCO2 captured in the EPA biannual survey. EOF analysis 189 

deconvolves the dominant spatial patterns in a 3-dimensional (x, y, t) data set. It finds 190 

orthogonal patterns in the first two dimensions (space) and also provides a 191 

complementary set of structures in the sampling dimension (time). These complementary 192 

time series are called principle components are related to their corresponding EOFs (von 193 



Storch and Zweirs, 1999). The magnitude of an anomaly  can be estimated at any point in 194 

time by multiplying EOFs (in µatm) with their corresponding principle components. We 195 

study the spatial variability of surface pCO2 and temperature across the lake over the 11-196 

year period (1996-2006) for which we have the biannual EPA survey.  197 

 198 

2.5 Atmospheric observations of CO2 199 

Observations of atmospheric CO2 are taken from the nearby National Oceanic and 200 

Atmospheric Administration (NOAA) Greenhouse Gas Tall Tower Observatory site 201 

located at the WLEF-TV tower in Park Falls, WI (45 57’N 90 16’W) (Bakwin et al., 202 

1998). Calibrated in situ observations of CO2 (uncertainty of +/- 0.2 ppm) at 396 m above 203 

ground are averaged to the monthly timescale. Monthly observations are considered 204 

representative of the atmosphere CO2 that would be seen above the lake surface and 205 

compare well to direct observations made over the lake. These data are compared to the 206 

pCO2 observations to assess lake super- or sub- saturation. 207 

 208 

3. Results 209 

3.1 Bi-annual survey of pCO2 210 

In the 11-year April climatology, the lake has higher mean pCO2 (465±171 µatm), than in 211 

the August climatology (371±66 µatm) (Figure 2). The 11-year average atmospheric CO2 212 

for 1996-2006 was 372.3 µatm, and the April mean value was 380.3µatm while the 213 

August mean was 359.3 µatm. Thus, these data indicate that the surface waters of Lake 214 

Superior are a CO2 source to the atmosphere in April and are a weak source or 215 

approximately neutral in August. April pCO2 should be higher due to a well-mixed water 216 



column that is rich with DIC is the main reason for high pCO2 in April In August, pCO2 217 

is lower due to a stratified water column and biological activity that draws DIC out of the 218 

surface water.  219 

 220 

During the 11-year period, lake-wide mean pCO2 in April ranged from 256.9 µatm 221 

(2004) to 905.6 (1999) µatm (Figure 2c,d). High pCO2 values in April 1999 are due to 222 

low pH readings. The mean April 1999 pH was 7.45, substantially below the long-term 223 

mean pH (7.75). While the lake is a source of CO2 on the mean, when each year is 224 

considered, we find that in 4 of the 11 years (2000, 2001, 2004, 2006), the lake is actually 225 

a small sink or approximately neutral. In August, the lake is barely a source of CO2 to the 226 

atmosphere on the mean, but the pCO2 values suggest it is a sink or approximately neutral 227 

for 7 of 11 years, with the lowest pCO2 being 300.8 µatm (1997). During the summer of 228 

1996 and 2001-2003 the lake was a source with the highest pCO2 estimate (521.4 µatm) 229 

in 1996 (Figure 2d). These data suggest substantial variability in the lake’s saturation 230 

state from year to year in both seasons.  231 

 232 

3.2 Direct, high-frequency pCO2 measurements 233 

A partial seasonal cycle (June-September) of pCO2 in the western arm is captured with 234 

the SAMI. Average pCO2 was the highest (394.5 µatm) for the 24 days of June and the 235 

lowest for the month of August (287.9 µatm). The lowest daily average pCO2 was 236 

observed on August 28 (155.7 µatm) and the highest (439.3 µatm) was on September 7, 237 

2001.  238 

 239 



At EPA site SU19 in April 2001, the temperature reading was 1.78°C and the SAMI June 240 

2001 average is 3.36±0.01°C (Figure 3b), suggesting that the water column was well 241 

mixed throughout this period since surface temperatures remain below 3.98°C, the 242 

temperature at which freshwater is most dense. EPA surface temperatures (14.7°C) and 243 

9.5 meter (10.5°C) on August 16 are higher than SAMI daily mean of 6.2ºC on this date 244 

(Figure 3b), though not inconsistent with SAMI August 2001 mean of 10.57±3.1ºC.  245 

 246 

Taking advantage of both the SAMI and EPA data, we find that water temperatures warm 247 

only about 1.5°C from April to June 2001, and are still below the temperature of the 248 

heaviest water (~3.98°C) when the SAMI record begins. Thus, the water column should 249 

be well mixed in April through June and we do not expect much change in pCO2 through 250 

this time. pCO2 estimated from EPA measurements on April 26, 2001 was 382.4 µatm at 251 

the surface at location SU19, only 12.1 µatm less than SAMI pCO2 average for June 2001 252 

(394.5±0.25 µatm)(Figure 2a). If pH and alkalinity are the same at both sites, a 1.5ºC 253 

increase in temperature would cause a 20.9 µatm increase in pCO2, suggesting an overall 254 

consistency between the EPA and SAMI pCO2 observations in spring 2001 despite the 255 

fact that observations were more than a month apart. This rough comparison suggests that 256 

surface water pCO2 does not vary much through the early spring in Lake Superior. 257 

 258 

The temperature data from the SAMI also provides clues for interpretation of the 259 

observed strong pCO2 variations through the rest of the summer. The most logical 260 

interpretation is that warming in late June through July (Figure 3b) promotes stratification 261 

and enhanced biological activity that results in DIC removal, and the associated pCO2 262 



reduction (Figure 3a). The phytoplankton become nutrient limited or grazed by 263 

zooplankton with stratification in late July and draw down subsidies. Because the lake 264 

surface pCO2 is less than atmospheric pCO2, an air-to-lake CO2 flux should also 265 

contribute to rebound in lake pCO2. Then, in early August, temperature declines 266 

dramatically and pCO2 increases. This suggests a physical event that brings cold water 267 

and remineralized DIC from depth to the surface. Analysis of North American Regional 268 

Reanalysis winds for this period of time and location suggests a reversal in wind direction 269 

from the dominant southwesterly flow to a northeasterly flow that is consistent with a 270 

coastal upwelling event. The more normal conditions of southwesterly flow return in late 271 

August, consistent with a restratification of the water column, and the observed surface 272 

warming. We suggest that the dramatic pCO2 decline at this time is likely due to an 273 

enhanced biological activity supported by nutrients supplied during the upwelling 274 

event. At the very end of August and in early September, there is another upwelling (cold 275 

/ high pCO2) followed by a bloom (warming / rapid decline in pCO2) before the record 276 

ends. This sequence of events, while reasonable, are certainly speculative because we  277 

lack auxiliary data with which to confirm the proposed biological activity. 278 

 279 

On August 16, 2001, EPA found pCO2 to be 339.5 µatm at the surface and 393.8 µatm at 280 

9.5m depth. At the same time, the SAMI measurement was 321.7 µatm at 12m depth. 281 

There is also a significant discrepancy in the temperatures, with the EPA observations at 282 

both depths being much higher than the SAMI. This suggests that the EPA station 283 

location that was sampled did not experience the mixing / upwelling and bloom event  284 

that seems to have occurred at the SAMI location. At the SAMI location on August 16, 285 



the pCO2 is just beginning to be suppressed by what we believe was an increased 286 

biological activity. Only 2-3 days earlier, the SAMI pCO2 at 12m was consistent with the 287 

EPA observation at 9.5m (Figure 3a), suggesting that only before the proposed increased 288 

biological activity, background conditions were consistent between SAMI and EPA 289 

observations. Though the two sites are close together on the scale of the lake, this limited 290 

data indicates that they are not uniformly impacted by physical and biogeochemical 291 

processes.  292 

 293 

The SAMI data also offer an unprecedented opportunity to consider the diurnal cycle of 294 

pCO2 in Lake Superior (Figure 3c, d). The daily range of pCO2 steadily increases over 295 

the record from 20-30 µatm in June to 100-200 µatm in September (Figure 3c). Analysis 296 

of the daily timing of the maxima and minima (not shown) indicates that there is not a 297 

clear biological signal in the daily cycle, i.e. there is no tendency for the maxima to occur 298 

during the night (a respiration signal) and minima to occur during the day (a 299 

photosynthesis signal). Instead, we propose that the daily variability is primarily due to 300 

physically-driven undulations in the thermocline. We posit that the increasing daily range 301 

from June to September occurs because the thermocline becomes increasingly stratified 302 

and the gradient of pCO2 across it becomes larger. Observations of McManus et al. 303 

(2003) are consistent with this interpretation. They find that the main gradient in the 304 

thermocline at locations in the vicinity of the SAMI site to be at 10-20m depth, and that 305 

the gradient of temperature becomes more pronounced over the season. Their pCO2 306 

profiles suggest a strong gradient, greater than 100 µatm, in the surface 20m in July 2001, 307 

but unfortunately do not resolve the near-surface pCO2 gradient in September. The SAMI 308 



also shows that the daily range of temperature increases over the course of the record and 309 

is positively but weakly correlated to daily ranges of pCO2 (r2=0.4). Similar to pCO2, 310 

temperature lacks a clear diurnal signal (not shown), which supports our interpretation 311 

that physically driven undulations of the thermocline control pCO2 and temperature 312 

variations on short timescales. 313 

 314 

3.3 pCO2 components  315 

SAMI pCO2 generally follows its non-temperature component, indicating that pCO2 is 316 

driven primarily by variability in DIC (Figure 4). The effect of alkalinity is also 317 

incorporated into this term, but the EPA data indicate its variability is small. DIC change 318 

is primarily due to (1) biological activity as phytoplankton uptake CO2 during 319 

photosynthesis and phytoplankton and bacteria release CO2 during respiration and (2) 320 

physically-driven vertical resupply of respired DIC to the surface. As discussed above, 321 

the large excursions of pCO2 in late summer at the SAMI location are reasonably 322 

interpreted as due to cycles of mixing and restratification and algal growth . For example, 323 

in late July / August, the separation of pCO2 into its components reveals a strong removal 324 

of DIC that drives pCO2-nonT down (consistent with biological activity) at the same time 325 

that warming of the surface waters (consistent with stratification) is driving pCO2-T up. 326 

The net change in pCO2 is smaller than that of either component. A similar cycle is 327 

repeated in late August, but the biological DIC removal is much stronger this time. We 328 

note that non-linearity in the pCO2-nonT  / pCO2-T separation is illustrated in this late 329 

August event by the fact that anomalies of the total pCO2 are no longer the approximate 330 

sum of the anomalies in pCO2-nonT and pCO2-T. This is because during this bloom 331 



event, the DIC has probably been driven to the low end of the range (800 µmol/l) for 332 

which the coefficient of temperature sensitivity (0.038°C-1) was derived (Section 2.3), 333 

and the actual pCO2 sensitivity to temperature is likely greater during this period. 334 

 335 

Analysis of pCO2 and its components estimated from EPA data, also provides  strong 336 

evidence for the control of pCO2 in Lake Superior by non-temperature factors, primarily 337 

DIC (Figure 5). There is a strong positive correlation between pCO2 and pCO2-nonT for 338 

all of the 216 observations made in spring and summer (r2=0.99 in April, r2=0.86 in 339 

August). Lack of correlation between pCO2 and pCO2-T (r2=0.01 in April and r2 =-0.11 340 

in August) confirms pCO2-nonT is the dominant influence on pCO2.  341 

 342 

 4. Spatial and Temporal Variability in pCO2 and Temperature 343 

In order to understand the temporal and spatial patterns of interannual variability in open-344 

water Lake Superior pCO2 and temperature as captured by the bi-annual EPA surveys, we 345 

apply Empirical Orthogonal Function (EOF) analysis to this data (Figure 6,7). A large 346 

percentage of the total pCO2 (temperature) variance is explained by the first EOF: 87% 347 

(92%) in April and 70% (62%) in August. Generally, EOF results indicate that the 348 

dominant modes of year-to-year variability in lake pCO2 and temperature are spatially 349 

homogenous, i.e. of the same sign at all locations. This means that if one part of the lake 350 

is warmer than average in one year, it is most likely that all parts of the lake are also 351 

warmer than average, and similarly for pCO2. This conclusion is consistent with the 352 

lake’s small size relative to the synoptic-scale meteorological systems forcing it, as it 353 



indicates that the open lake is responding as a whole to year-to-year change in regional 354 

climate.  355 

 356 

The principle components of EOF1 (PC1) provide the temporal evolution of the EOF1 357 

pattern. In the temperature PC1 (Figure 7b,d), we likely see the effect of 1998 El Niño, 358 

causing the warmest temperatures in both April and August of 1998. The PC1 of pCO2 359 

indicates somewhat depressed values in spring and summer of 1998, which is consistent 360 

with DIC control of pCO2 and enhanced biological activity with a warmer and more 361 

stratified lake. However, the relatively weak El Niño period of 2002-2004 does not show 362 

up with a warming signal, and there is no notable correlation of the timeseries with the 363 

SOI (Southern Oscillation Index) (Trenberth, 1984; as updated at 364 

www.cdg.ucar.edu/cas/catalog/climind) (r2= 0.00, p=0.92, for April; r2=0.01, p=0.76, for 365 

August) so we cannot provide strong evidence for a connection to El Nino / Southern 366 

Oscillation (ENSO) variability. Similarly, there were no strong correlations between 367 

these timeseries and the North Atlantic Oscillation (NAO) (r2=0.00, p=0.83 for April and 368 

r2=0.29, p=0.09 for August) or the Pacific Decadal Oscillation (PDO) (r2=0.06, p=0.53 369 

for April and r2=0.12, p=0.37 for August). A weak correlation between the principle 370 

component of EOF1 for temperature and principle component of EOF1 for the pCO2 371 

(r2=0.35 in April, r2=0.28 in August) is consistent with variability in pCO2 being 372 

dominated by DIC change as opposed to by temperature itself.  373 

 374 

For temperature, and to a lesser degree for pCO2, the spatial patterns (EOF1) and 375 

temporal patterns (PC1) are reasonably similar between the April and August analyses 376 



(r2= 0.75 for PC1 of temperature, r2= 0.19 for PC1 of pCO2). Thus, there appears to be 377 

sufficient memory in the system to allow temperature anomalies created in winter / spring 378 

to persist through the summer. However, there is only a weak memory for pCO2. 379 

 380 

 5. Discussion 381 

These surface data indicate that Lake Superior is, on average, a source of CO2 to the 382 

atmosphere in spring and a weak source or is neutral in the summer, and that this cycle is 383 

controlled by seasonal variation in surface lake DIC.  There is reasonable consistency 384 

between our two independent sources of data, particularly in spring when the lake is well-385 

mixed and biological activity is limited. In summer, data is consistent with the occurrence 386 

of a localized event of mixing/upwelling followed by restratification and a phytoplankton 387 

bloom at the SAMI location in the western arm, though we lack corroborating biological 388 

data. This event is not captured in the nearby location (SU19) where the EPA sampled.  389 

High pCO2 values in April 1999 are due to low pH readings by EPA. The mean April 390 

1999 pH was 7.45, substantially below the long-term mean pH (7.75). There may have 391 

been methodological problems driving a consistent low bias in these observations, 392 

however, given the SAMI observations that indicate that large swings in pCO2 are 393 

possible in the near-surface waters, we cannot be assured of a methodological problems 394 

so as to reject these data.  395 

 396 

Particularly given the large size of the lake and variable sampling locations used in this 397 

and previous studies, these results are not inconsistent with previous work. The direct 398 

pCO2 observations of near surface water taken in the vicinity of Thunder Bay in 1990 (R. 399 



Hecky, pers. comm., 2008) by Kelly et al. (2001) give pCO2 of 227 µatm from 2 samples 400 

in July and August 1990. This result is not inconsistent with quite low pCO2 at the same 401 

time of year in the SAMI data. Additionally, the EPA survey suggests that mean lake-402 

wide surface values could be as low as 300 µatm in any one summer. Furthermore, 403 

considering that Thunder Bay is a region of significant riverine inputs to the lake, it is 404 

quite possible that productivity enhanced by these inputs depresses pCO2 in this area. Our 405 

mean estimate of lake-wide pCO2 from the EPA survey are lower than those of Alin and 406 

Johnson (2007), in large part due to our application of the needed temperature correction 407 

to EPA’s pH results (EPA procedures, 408 

http://www.epa.gov/glnpo/monitoring/procedures/sop2007/Ch5/LG500_070222.pdf). 409 

Nevertheless, the data reported here still suggest that, on the mean, the lake is slightly 410 

supersaturated with respect to atmospheric pCO2 for the late spring through early fall. 411 

These data do not resolve a full annual cycle of pCO2 for the lake.  412 

 413 

When interannual variability is taken into account, the data suggests that the lake can be a 414 

source or sink in either April or August. This variability suggests that the open lake is not 415 

consistently respiring large amounts of terrestrial carbon, as has been found to be the case 416 

in many small inland lakes in the region (Hanson et al. 2003). However, this conclusion 417 

is compromised by the facts that (1) the nearshore is not captured in this data, and (2) the 418 

full annual cycle is far from well-resolved. Recent nearshore observations along the 419 

Keweenaw Peninsula (N. Urban, unpublished data, 2009) do suggest pCO2 elevated 420 

above the atmospheric value for most of the year, and thus there may be substantial 421 

respiration of terrestrial carbon close to the shore that these datasets do not capture. 422 



 423 

The lake is undersampled for the purposes of constraining the net carbon budget and 424 

understanding variability at diurnal to interannual timescales. Nevertheless, the 425 

comparison of the springtime data suggests that the snapshot picture of surface lake 426 

temperature and pCO2 provided by the EPA bi-annual survey data may be representative 427 

of the season, largely because stratification and significant biological activity have not 428 

yet occurred in these off-shore stations. However, the comparison in August suggests that 429 

there is very large short-term variability in pCO2 (100-200 µatm) at the depth of the 430 

thermocline that must be considered in interpretations of these data. Being removed from 431 

the strong thermocline gradients and subject to air-lake heat and CO2 exchange, it is 432 

possible that surface temperatures and pCO2 are less variable in summer and that the 433 

surface data from EPA that we focus on in sections 3 and 4 are reasonably representative 434 

of the true state of the lake on monthly timescales. However, we lack independent data 435 

with which to test this hypothesis. 436 

 437 

Bias in the EPA pH data, due to electrode pH measurements, could substantially modify 438 

our conclusions. French et al. (2002) and Herczeg and Hesslein (1984) find that pH 439 

measured with electrodes in freshwater has a systematic negative bias, with a mean value 440 

of -0.137 pH units. If we assume such a bias applies uniformly to the EPA dataset, it 441 

would result in an April mean pCO2 of 297.3 µatm and August mean pCO2 of 262.0 442 

µatm, substantially lower than the values of 412.7 and 364.8 µatm that we find without a 443 

pH bias correction. If these values were correct, they would suggest the open lake is a 444 

substantial CO2 sink in both spring and summer. Co-location of direct CO2 observations 445 



and EPA survey sampling would be one way to determine if a substantial pH bias 446 

correction is, in fact, required. The SAMI and EPA observations are not sufficiently co-447 

located in space or time to adequately address this question. 448 

 449 

6. Conclusions 450 

These data suggest that the open waters of Lake Superior are a source of CO2 to the 451 

atmosphere in spring, and a small source or neutral in summer. Year-to-year and seasonal 452 

variability in pCO2 in surface waters is large. These results suggest the open waters of the 453 

lake are not a source of CO2 to the atmosphere at all times, which would be consistent 454 

with the respiration of large amounts of terrestrial carbon in the lake. More data is needed 455 

to fully test this hypothesis. 456 

 457 

At diurnal timescales in summer, we find significant variation (up to 200 µatm) in pCO2 458 

at the depth near the thermocline which we propose is due to daily-timescale undulations 459 

in the thermocline across which there are large temperature and pCO2 gradients. At 460 

weekly timescales in summer, we find evidence of very large (greater than 200 µatm) 461 

pCO2 variations that are reasonably interpreted as driven by mixing or upwelling events 462 

ending with restratification and a biological DIC drawdown. Interannual variation as 463 

captured by the EPA survey data suggests substantial homogeneity in the lake’s response 464 

to variations in climate forcing. Because we lack late fall and winter observations, we 465 

cannot resolve the full seasonal cycle.  466 

 467 



Both EPA bi-annual survey and direct observations of pCO2 and temperature in the 468 

surface waters of Lake Superior indicate that DIC controls pCO2 variability on all 469 

timescales from diurnal to interannual. Temperature effects are clearly secondary in their 470 

modulation of lake pCO2.  471 

 472 

More data are clearly needed, particularly in the nearshore region and across the full 473 

seasonal cycle. We have essentially no wintertime data at present. There also needs to be 474 

further determination regarding bias correction for electrode-measured pH values from 475 

EPA. There are several ongoing efforts, including direct estimates of the air-sea CO2 flux 476 

using eddy covariance (Mwangi et al., 2009) that will yield valuable information about 477 

CO2 saturation levels in the lake and net fluxes.  Volunteer observing ship surveys of 478 

surface lake and atmospheric pCO2 such as those air-lake CO2 fluxes presently underway 479 

on Lake Michigan (Bootsma et al., 2009) and in the global oceans by the National 480 

Oceanographic and Atmospheric Administration (www.pmel.noaa.gov/co2/uwpco2/) and 481 

others (Shuster and Watson, 2007) would also be invaluable to further progress on 482 

understanding pCO2 and its relationship to carbon cycling in and the carbon budget of the 483 

lake. Additionally, the modeling efforts underway by several of these authors and others 484 

will assist in elucidating the magnitude and mechanisms of temporal and spatial 485 

variability in the pCO2 in Lake Superior.  486 

 487 
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Figure Captions 639 

 640 

Figure1. EPA and SAMI locations in Lake Superior. Star symbol marks SAMI location 641 

and dark filled circles indicate EPA stations. Station numbers are denoted next to the 642 

symbols. 643 

 644 

Figure 2. 11-year (1996-2006) averages of pCO2 (in µatm) across Lake Superior for (a) 645 

April and (b) August. Red bars on the color scales show 1996-2006 mean atmospheric 646 

CO2 from the nearby WLEF tower (Park Falls, WI). (c) April and (d) August surface lake 647 

(black) and atmospheric (red) pCO2 measurements based on EPA measurements and 648 

WLEF observations 1996 through 2006.  649 

 650 

Figure 3. From SAMI (a) pCO2 and (b) temperature from the western arm of Lake 651 

Superior June through September (solid line) Filled triangle shows EPA surface values in 652 

April. Hollow and filled circles show surface and 9.5m depth values, respectively. 653 

Squares on figure (a) are atmospheric pCO2 observed from WLEF tower near Lake 654 

Superior. (c) Daily change in SAMI pCO2. (b) Daily range of SAMI temperature .The 655 

SAMI was calibrated for pCO2 measurements over the range 200-300 µatm by dilution of 656 

a 3000 ppm CO2 standard with CO2-free air (DeGrandpre et al., 1995, 1999). An infrared 657 

analyzer (LI-COR) calibrated with NIST-traceable CO2 gas standards was used to verify 658 

data were corrected for the difference between the in situ and calibration temperature 659 

(DeGrandpre et al. 1999). The CO2 data are reported as wet pCO2 using the water vapor 660 

pressure at the in situ temperature.  661 



 662 

Figure 4. SAMI pCO2 components. pCO2 (blue x), pCO2-nonT (green circles) and pCO2-663 

T (red squares). Values are daily averages from half-hourly data.  664 

 665 

Figure 5. Relationships between pCO2 and pCO2-nonT in (a) April and (b) August, and 666 

pCO2 and pCO2-T in (c)April and (d) August. 667 

 668 

Figure 6. EOF results for (a) April and (c) August pCO2, and (b,d), corresponding 669 

principle components. 670 

 671 

Figure 7. EOF results for (a) April and (c) August temperature, and (b,d) corresponding 672 

principle components. 673 

 674 

Supplementary Figure 1. April (a) and August (b): EPA pCO2 data box-whisker plots. 675 

The red line is the median. The bottom of the box indicates the first quartile (25% of data 676 

below) and the top of the box indicates the top quartile (75% of data below).  Outliers 677 

(red plus sign) are greater or less than 1.5 times the inter-quartile range (top quartile - 678 

bottom quartile), and the dashed black line indicates the highest and lowest values that 679 

are not outliers.  680 
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