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Abstract 

We present water column thermal structure for two climatically different years: 

2012, which experienced abnormally warm spring and summer air temperatures preceded 

by a relatively low ice winter and 2013, which experienced cooler than average spring 

and average summer air temperatures and preceded by average ice conditions. Mean 

bottom water temperatures for the season and during cold water intrusions were 

significantly warmer in 2012 than 2013 leading to a significantly reduced stratified 

season in 2012. Cold water intrusions were driven into southern Green Bay by southerly 

winds while intrusions were terminated when winds switched to persistent northerly 

winds. 2012 observed a significant increase in northerly winds relative to 2013, 

decreasing cold water intrusion presence and duration but winds did not fully explain the 

difference in thermal conditions for southern Green Bay. These cold bottom waters drive 

stratification in polymictic southern Green Bay while dimictic waters were found to have 

significantly warmer bottom temperatures during 2012 and a deeper mixed layer. Our 

observations suggest that relatively shallow (< 20 m), seasonally stratified systems may 

not increase in stratification strength and duration under a warming climate; rather, 

changing wind climatology and surface heat flux can inform the degree to which the 

mixing regime can be expected to change and impact stratification and thermal structure 

of coastal systems. We discuss the biogeochemical implications of different thermal 

regimes, particularly within the context of multiple drivers of physical water column 

structure in eutrophic, stratified coastal systems. 
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Introduction 

Inland freshwater systems play a disproportionately large role in the global carbon 

cycle and emission of greenhouse gases despite their relatively small areal contribution to 

the Earth’s surface (Cole et al., 2007; Tranvik et al., 2009) with freshwater methane 

(CH4) emissions estimated to account for 25% of land-based carbon uptake on a warming 

equivalent scale (Bastviken et al., 2011). The physical structure of these systems, in turn, 

plays a large role in an individual system’s biogeochemical cycling, methane emissions 

and regional climate feedback, presenting a complex interplay between aquatic, terrestrial 

and atmospheric processes (Giling et al., 2017; Heiskanen et al., 2015; Wik et al., 2014). 

Properly parameterizing drivers of water column physical structure in stratified inland 

and coastal waters within this context is increasingly pertinent under a warming climate 

(Austin and Colman, 2008; Itoh et al., 2015; Trumpickas et al., 2015). 

 Regional climate assessments for the Laurentian Great Lakes (herein: Great 

Lakes), in particular Green Bay, Lake Michigan, project warmer conditions, less ice 

cover and an earlier summer, with less certainty in changes in mean wind speed and 

direction (WICCI 2011). The physical structure of large lakes, while quite variable, are 

highly dependent on atmospheric inputs, currents and surface energy fluxes (Hamidi et 

al., 2015; Rao and Schwab, 2007; Trumpickas et al., 2015). Wind forcing, in particular, 

strongly impacts the thermal structure of these systems. Wind stress forces thermocline 

tilting, upwelling and downwelling processes that strongly impact lake temperature, 

productivity and oxygen content of the hypolimnion (Chowdhury et al., 2016; Coman et 

al., 2012; Hlevca et al., 2015; Mortimer, 2004; Scully, 2010). Additionally, wind forcing 

can cause breakdown of stratification through turbulent and convective mixing in shallow 
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zones of the Great Lakes, resulting in a dynamic mixed layer depth and variable thermal 

conditions that impact the biogeochemistry of these systems (Biddanda et al., 2018; 

Cossu et al., 2017). 

Green Bay is a relatively shallow (mean depth = 14 m), elongated embayment of 

Lake Michigan (~160 km x 24 km; Fig. 1). In southern Green Bay (south of Chambers 

Island), hypoxia is a frequent problem during the summer stratified period due to organic-

rich sediments and high oxygen demand (Klump et al., 2018). Sediment oxygen demand 

also results in sediments that quickly become anoxic (1-2 cm depth), resulting in high 

levels of methane production and flux into the water column (Buchholz et al., 1995). 

Stratification at depths of less than 15 m is dependent on the influx of cold bottom water 

from northern Green Bay and Lake Michigan proper into southern Green Bay and 

corresponds with periods of hypoxia. Due to its size, Green Bay displays similar physical 

processes as large lakes (Gottlieb et al., 1990; Miller and Saylor, 1985; Rao et al., 1976; 

Saylor et al., 1995) as well as having relatively complex bathymetry and turbid waters. 

Thus, accurately modeling flows and formation of stratification in Green Bay remains a 

challenge (Hamidi et al., 2015). 

Previous work has suggested that southerly winds drive cold water intrusions into 

southern Green Bay, consistent with approximations of the impact of wind forcing on the 

physical structure and upwelling/downwelling behavior of lakes parameterized using 

Wedderburn or lake number (Miller and Saylor 1985; Coman and Wells 2012). This 

variability in benthic temperature has been linked to significantly different sediment 

methane production and flux in Green Bay (Waples and Klump 2002). Waples and 

Klump (2002) also characterized a multi-decade shift in the predominant wind field over 
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the Great Lakes, suggesting that this shift could lead to profound consequences for 

hypoxia, methane production and ecological processes in Green Bay (Buchholz et al., 

1995; Cossu et al., 2017). 

 The mechanics of how the thermocline forms and breaks down, as well as its 

stability and interaction with surface and meteorological conditions, is arguably the most 

critical physical process to understand when evaluating how Green Bay and other 

polymictic environments will respond to climate change (Cyr, 2012; Trumpickas et al., 

2015; Wilhelm and Adrian, 2008). Increases in temperature increase oxygen demand and 

production of methane within the sediments while cool bottom waters provide the setup 

for hypoxic conditions in the southern bay (Schulz et al., 1997; Waples and Klump, 

2002), displaying the strong role of thermal variability on. biogeochemical processes as 

observed in other lake systems (LaBuhn and Klump, 2016; Piccolroaz et al., 2013; Wik et 

al., 2014). Additionally, variability in stratification drives the occurrence of hypoxic and 

anoxic bottom waters and sediment temperature (LaBuhn and Klump, 2016; Waples and 

Klump, 2002). Understanding how Green Bay thermal structure responds to climate and 

meteorological variability is critical for modeling and forecasting hypoxia in Green Bay 

as well as assessing how climate variability will impact production and flux of methane, a 

potent greenhouse gas, in Green Bay (Buccholz et al. 1995; Wik et al. 2014). Globally, 

aquatic CH4 emissions are expected to increase considerably (Bridgham et al., 2013) with 

inter-seasonal and inter-annual variability directly impacted by water temperature  

(Pokrovsky et al., 2013).  

The role of water column structure and benthic temperature on Green Bay 

hypoxia and methane production is relatively well understood. However, how 
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meteorological and climate variability impact these processes has not been formally 

addressed. Observing and understanding how this variability drives the thermal structure 

of Green Bay will provide unique insight into the formation of hypoxia under varying 

climate conditions, including forecasting hypoxia in biogeochemical models of the bay. 

Additionally, understanding physical drivers of benthic temperature alongside changes in 

climate will assist in predicting the role of Green Bay in the regional climate budget 

based on established relationships between temperature and methane production and flux 

in Green Bay (Buchholz et al., 1995; Waples, 1998; Waples and Klump, 2002). In light 

of this, we present wind and temperature data for 2012 and 2013, two years characterized 

by distinctively different meteorological regimes and a unique difference in wind forcing. 

We find that predominantly southerly winds drive cold water intrusions, while northerly 

winds rapidly shut them down, analogous to a bathymetrically constrained upwelling 

event. We constrain the role of cold water intrusions on the thermal balance of southern 

bay waters through modeled heat flux terms, showing that southern Green Bay acts as a 

dynamic, elongated wash-zone similar to that observed in other lake systems (e.g. 

Chowdury et al. 2016; Cossu et al. 2017). Finally, we discuss the impact of wind and 

climate on the thermal variability of Green Bay as it relates to hypoxia and methane 

production in Green Bay based on the findings of previous work. 

 

Methods 

Observations 

All in situ observations were collected on three seasonal moorings at Stations 9, 

21 and 31 collecting data every 3 or 6 minutes from June or July through October and 



Confidential manuscript submitted to Journal of Great Lakes Research 

 

 7 

NOAA/Great Lakes Observing System (GLOS) buoy 45014 (herein: GLOS buoy) 

collecting data every half hour (Fig. 1). The GLOS buoy was equipped with a Lufft 

WS501-UMB Compact Weather Station (Santa Barbara, CA) measuring temperature 

(±0.2˚C), relative humidity(±2%), global radiation (310-2800nm, resolution < 1 W m-2), 

air pressure (±1.5hPa), mean wind speed (average wind speed over a 2 minute period) 

and wind gust speed (3% or ±0.3m s-1), a YSI (Dayton, OH) 6600 series multi-parameter 

sonde measuring temperature, fluorescence, turbidity, pH, dissolved oxygen, and 

conductivity, and a Nexsens (Dayton, OH) temperature string with thermistors (±0.1˚C) 

every 1m from 2-12m. Wire moorings were equipped with Onset (Bourne, MA) 

temperature loggers at varying distances from the bottom, depending on the depth of the 

site, recording temperature to within ±0.53 C. Some moorings experienced one or more 

Onset logger failures during a portion of the field season. Contour plots of temperature 

over depth and time were plotted using Matlab 2016b, with data interpolated using the 

inpaint_nans function in the Matlab File Exchange Select following a least squares 

approach that does not alter known values. Missing data is interpolated between adjacent 

sensors, with no more than one failed sensor at a given station and time. 

The 2012 wind direction data was unavailable from the GLOS buoy due to a 

calibration issue; however, 2013 data were available and were used to determine trends in 

cold water intrusions with wind speed and direction for that year. In situ wind 

measurements were compared to data collected by 11 NOAA Automatic Surface 

Observing System stations within and surrounding Lake Michigan in 2013 (Fig. 1) and 

displayed relatively good agreement, allowing consideration of interpolated winds at the 

GLOS buoy for 2012. Winds were interpolated following the nearest neighbor technique 
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with spatial smoothing described in Beletsky and Schwab (2001) and also act as the wind 

field forcing the nested hydrodynamic model developed for Green Bay (Hamidi et al. 

2015). 

Air temperature differences between 2012 and 2013 were evaluated using data 

from the National Oceanic and Atmospheric Administration’s (NOAA) National Centers 

for Environmental Information (NCEI)/National Environmental Satellite, Data, and 

Information Service (NESDIS) monitoring service. We considered monthly mean air 

temperatures for NCEI/NESDIS climatological regions adjacent to Green Bay, using the 

climatological rankings assigned by NCEI/NESDIS (Table 1, regions indicated in Fig. 1). 

Due to the large differences in monthly mean air temperature between the years, we did 

not run a statistical analysis on data grouped by month. 

Heat Flux 

The thermal state of the water column at any given point represents the relative 

contributions from surface heat fluxes and advection of distinct water masses across that 

site (Eulerian perspective). In Green Bay, we considered modeled heat flux as the term 

isolating atmospheric heating/cooling of the water column represented as 

QNET = QSW – QSW↑ + QLW – QLW↑ – QE – QH  (1) 

where QSW is the shortwave radiation incident upon the surface waters, QSW↑ is the 

shortwave radiation reflected at the surface waters, QLW is the longwave radiation 

incident upon the surface waters from the overlying atmosphere, QLW↑ is the longwave 

radiation emitted by the water body to the overlying atmosphere, QE is the latent heat 

loss, or heat loss due to the evaporation of water, QH is the sensible heat loss (or gain) 

from the heat flux across the air-water interface (due to the difference between air and 
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water temperature), and QNET  is the total heat lost (or gained) during the observed period. 

We assumed uncertainty in modeled heat flux was low, due to strong agreement with a 

separate method for calculation, including different input measurements (Grunert, 2013) 

and agreement between observed and modeled seasonal warming of Green Bay (Hamidi 

et al. 2015). 

Statistical Analysis 

 Cross-correlation analysis was performed on wind velocity and bottom water 

temperature to determine a relationship between the two parameters. We considered the 

water column as stratified when a difference of water temperature with depth of 2.5 Cm-1 

or greater was observed and maintained for >4 hours and used this as the basis for further 

analysis of wind velocity and cold water intrusions. The maximum difference in water 

temperature with depth was used to define the depth of the hypolimnion and epilimnion 

from which their volumes were calculated. Cold water intrusions were classified by the 

onset of stratification and intrusion termination was considered as the breakdown of 

stratification. We applied a paired t-test to determine statistical significance in observed 

water column heat content, bottom water temperatures (1m from bottom) and surface 

water temperatures (1m depth) between coincident periods in 2012 and 2013. We applied 

a one-way ANOVA and multiple comparison of means test using Tukey’s honest 

significant difference criterion to determine if wind speeds during pre-intrusion and post-

intrusion periods were significantly different. 

 

Results and Discussion 

Water Column Thermal Structure 
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Five cold water intrusions were characterized from temperature profile data at the 

GLOS buoy and Station 21, while only four cold water intrusions were evident at Station 

9 in 2012 (Fig. 2a-c). For shallow (<20 m) sites, these intrusions represented the only 

periods of defined thermocline formation for the entire summer of 2012 (Fig. 2a-b). As 

sites became deeper and displayed season-long, semi-stable thermoclines, such as Station 

31 (Fig. 2d), intrusions resulted in a thicker hypolimnion and stronger stratification (up to 

10°C∙m-1). Large thermocline oscillations and thickening of the hypolimnion at sites with 

stable thermoclines were temporally correlated with cold-water intrusions into shallow 

southerly sites when tracking changes in bottom water temperature, with a minimum 

bottom water temperature taking from 1-4 days to propagate from Station 31 to the 

southern-most moorings in 2012 including Station 9. 

Four distinct cold water intrusions were observed from the end of June through 

early September 2013 (Fig. 3), with each intrusion defined by stable and increasing 

stratification intensity followed by breakdown of stratification and warming of bottom 

waters. For both 2012 and 2013, we observed a cooling and/or thickening of the 

hypolimnion during extended intrusions (> 4 days) suggesting either another pulse of 

cold bottom water or continued tilting of the thermocline. 

The water column contained significantly less thermal energy in 2013 than 2012 

(paired t-test, p=0). Peak water column energy content in 2012 was 1334 kJ∙m-2 (July 29) 

while 2013 water column heat content peaked at 1180 kJ∙m-2  (July 11). We analyzed the 

bottom water temperatures from July 4 – September 16 for 2012 and 2013 as this was the 

common record of temperature observations for both years. Mean bottom water 

temperature (depth=12 m) for this period in 2012 was 17.6°C while the mean bottom 
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water temperature for this period in 2013 was significantly cooler at 12.2°C (paired t-test, 

p=0). During intrusions, mean bottom water temperature in 2012 was significantly 

warmer at 14.2°C compared to 10.9°C for 2013 (paired t-test, p=0). While the number of 

intrusions was not significantly different between years, the overall stratified period and 

average duration for each intrusion was significantly different. Considering the common 

record of observations, 2012 experienced 51 days of stratification while 2013 

experienced 66 days with an average intrusion duration of 7.7 and 16.2 days for 2012 and 

2013, respectively (paired t-test, p=0). Additionally, average surface water temperature 

was significantly different across years, with an average temperature (depth = 1 m) at the 

GLOS buoy of 23.0°C and 20.9°C for 2012 and 2013, respectively. 

 

2013 Wind Velocity and Cold Water Intrusions 

The predominant wind direction for the 2013 study period (May 25-September 

16) was southerly, with 36% of all wind directions between 135° and 225° and 

southwesterly winds (180-225°) accounting for 22% of all winds (Fig. 4). Northeasterly 

winds between 0° and 45° were also a significant component, accounting for 12% of all 

winds. Mean wind speed for that same period was 4.6 m s-1, with a maximum wind speed 

of 16.8 m s-1. 

The influence of wind velocity on the thermal structure of the water column was 

analyzed in detail for 2013, due to direct observations of wind velocity from the GLOS 

buoy for that year. In 2013 four distinct cold water intrusions were observed at the GLOS 

buoy during the summer stratification season (Fig. 3). A cross-correlation analysis 

between bottom water temperature and wind velocity indicated that wind velocity in the 
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12-60-hour period prior to observations of bottom water temperature was a significant 

period. From this, we considered wind velocity during this 48 hour window before a 

cold-water intrusion event (“pre-intrusion” period) and 12-60 hours prior to bottom 

waters warming (“post-intrusion” period). Wind roses for these periods are presented for 

each 48 hour period (Fig. 5). Wind speed and direction during intrusions were relatively 

variable, although two noteworthy features arose: 1) hypolimnion thickening during the 

intrusion events related to southerly winds with a similar lag period as observed in the 

cross-correlation analysis, and 2) there were no sustained northerly winds (e.g. north as 

the predominant direction for more than 12 consecutive hours) during the intrusion 

events. or longer for some periods while a cold, stratified layer was present with no 

noticeable change in thermocline location, relative to the thermal structure of the water 

column. 

For all intrusions, pre-intrusion periods were characterized by predominantly 

southerly winds with mean wind speeds of 4.4 m s-1, intrusion periods were characterized 

by variable wind direction and mean wind speeds of 3.9 m s-1 and post-intrusion periods 

were characterized by predominantly northerly winds with mean wind speeds of 4.6  m s-

1. We considered whether the mean wind speeds and group variance were significantly 

different using a one-way ANOVA and multiple comparison of means test. Pre- and post-

intrusion periods displayed similar mean wind speeds (p > 0.01) but were significantly 

different from mean wind speeds during the intrusion (p < 0.01). 

 

Comparison of 2012 and 2013 Wind Velocity 
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Considering the relationship between wind velocity and direction and the 

occurrence of cold water intrusions in southern Green Bay, we compared wind velocity 

from 2012 and 2013 using the interpolated wind data to maintain consistency between 

datasets. We considered winds from June 1 – October 31, the period over which southern 

Green Bay has been observed to transition from monomictic to dimictic conditions, 

before returning to isothermal conditions once again in mid-September to late October. 

Predominant wind speed over this period was significantly different, with a mean wind 

speed of 6.35 m s-1 in 2012 and 6.12 m s-1 in 2013 (p < 0.01), while predominant wind 

direction was not significantly different, displaying a similar overall distribution (Fig. 6). 

It should be noted that interpolated wind data displayed significantly higher wind speeds 

than observed data in 2013, with mean wind speeds of 6.2 and 4.6 m s-1 for interpolated 

and observed winds, respectively, over the period of observation. Wind directions were 

relatively consistent, with a slight westerly bias for interpolated data. 

Our analysis is primarily predicated on wind direction; thus, we proceeded with 

the analysis, breaking down mean wind speed for northerly (315°-45°) and southerly 

(135°-225°) winds in 2012 and 2013 during the common observation period. Mean 

northerly wind direction was not significantly different between years; however, 

northerly wind speed was significantly different between years (p<0.01), 4.83 m s-1 and 

2.82 m s-1 in 2012 and 2013, respectively. Northerly winds were also significantly more 

frequent in 2012 than 2013, with 14.6% of winds in 2012 versus 4.3% in 2013. Southerly 

wind direction and speed was significantly different between years (p<0.01), with a mean 

wind direction of 179.4° and 168.7° and mean wind speed of 6.10 m s-1 and 5.54 m s-1 in 

2012 and 2013, respectively. Southerly wind frequency, however, was not significantly 
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different at 25.8% and 26% for 2012 and 2013, respectively. Thus, while 2012 

experienced a mean southerly wind speed of a greater magnitude and direction more 

closely aligned with the general orientation of Green Bay (generally southwest-northeast 

orientation, or along-axis winds of ~225°) at a similar frequency, the average northerly 

wind speed and frequency effectively decreased the physical forcing of cold water into 

southern Green Bay. 

The frequency of distinct stratified periods in 2012 was similar to 2013 (6 vs. 5, 

respectively). However, the duration and hypolimnetic thickness were quite different 

during these periods, with intrusions lasting for an average of 7.7 days in 2012 compared 

to 16.2 days in 2013 and average hypolimnetic thickness during intrusions of 4.1 and 4.9 

m in 2012 and 2013, respectively. Based on consideration of the wind field, it was 

evident that the increase in northerly wind speed and frequency played a large role in 

bottom water temperatures and duration of stratification. To determine the impact of a 

warmer climate, we considered water temperature in the mixed layer during the stratified 

period, as we anticipate this to be the period with the most isolated signal of mixed layer 

conditions free of impacts from mixing of cold bottom waters. We further considered 

mixed layer depth alongside temperatures at the GLOS buoy and Station 31 as these two 

stations represent regions of southern Green Bay that are generally polymictic and 

dimictic. Mixed layer water temperature was significantly warmer in 2012 than 2013 at 

both the GLOS buoy and Station 31 (paired t-test, p=0), with an average mixed layer 

temperature of 22.3 and 12.3°C at the GLOS buoy and 18.6 and 15.5°C at Station 31 for 

2012 and 2013, respectively. The mixed layer depth was not dramatically different 
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between years, with an average thickness of 9.9 and 9.1 m at the GLOS buoy and 16.8 

and 15.8 m at Station 31 for 2012 and 2013, respectively. 

Considering the wind climatology and significant difference in spring and 

summer air temperatures between 2012 and 2013, the result was a significantly warmer 

mixed layer temperature in 2012 relative to 2013 that corresponded to significantly 

warmer bottom temperatures due to a difference in northerly wind speed effectively 

limiting the duration of cold water intrusion when they did occur and air temperatures 

leading to a significantly warmer mixed layer. More frequent northerly winds of a greater 

magnitude would reduce the time provided for the thermocline to tilt, leading to less cold 

water entering and the cold water that enters would presumably be from shallower, 

warmer waters. However, we did not have observations to deduce the impact of a warmer 

climate on northern Green Bay waters and cannot limit the change in thermal conditions 

between years exclusively to wind conditions. 

 

2012 and 2013 Modeled Heat Flux 

Net heat flux is calculated from daily averages of the sum of modeled total 

shortwave and longwave radiation inputs and outputs and the sensible and latent flux 

terms using the nested Green Bay model described in Hamidi et al. (2015) for 2012 and 

2013 (Fig. 7). While the water column in 2012 was considerably warmer than in other 

years, the net heat flux term was not significantly different from July 1 – September 30 

between 2012 and 2013. However, the month of July displayed a significant difference 

between 2012 and 2013 for net heat flux (pair t-test, p=0), longwave radiation (pair t-test, 

p=0), sensible heat flux (pair t-test, p<0.01) and latent heat flux (pair t-test, p<0.01). 
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Shortwave radiation was not significantly different across years, although the relatively 

similar values in 2012 across much of July are indicative of the relatively reduced cloud 

cover observed during that summer. The remaining terms were all predominantly heating 

the water column at minor levels and are indicative of a stable air-sea boundary layer, 

likely due to abnormally warm air temperatures remaining above surface water 

temperatures through July 2012. For the entire observation period, latent and sensible 

heat flux also displayed significantly different values (paired t-test, p<0.01 and p<0.05, 

respectively). This is due to a much warmer water column leading to higher evaporation 

rates and direct exchange of energy with the atmosphere. Mean latent heat flux in 2012 

was -117.5 W m-2 compared to -84.8 W m-2 in 2013, suggesting significantly more 

convective mixing in 2012 relative to 2013. From the flux terms, it appears that the bulk 

of the additional heat observed was contributed earlier in the year, prior to our period of 

GLOS buoy observations, evidenced by a warmer water column beginning in July of that 

year. This is also supported by NOAA average air temperature records showing that 2012 

spring and summer air temperatures were abnormally warm over Green Bay (Table 1) 

and 2012 peak ice cover was significantly lower, suggesting that the warm spring and 

earlier season for solar insolation “primed” Green Bay to warm above seasonal averages. 

The significantly different sensible and latent heat flux terms between years were driven 

by late season trends that favored significantly more convective mixing in 2012 than 

2013; this, coupled with wind trends in 2012 likely influenced a much earlier onset of 

isothermal conditions at Station 31 in 2012 relative to 2013. 

 

Relative Role of Wind and Climate on Green Bay Thermal Structure 
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The abnormally warm seasonal average air temperatures in all climate divisions 

lying adjacent to Green Bay in 2012 appeared to extend summer water conditions 

(defined as a water column warm enough to have stable stratification), decrease 

stratification and increase the total heat content of the water column (Fig. 1, Table 1; 

NCEI/NESDIS/NOAA Climatological Rankings, 2017). It should be noted that the 

rankings are based on the continuous climate record dating back to 1895; thus, while we 

are only comparing two years of water column temperature data they are presented within 

the context of a climatically-relevant air temperature dataset (e.g. Free et al., 2002). This 

agrees quite well with regional projections for future climate (WICCI, 2011). However, 

full consideration of the impact of climate variability requires consideration of the 

separate impacts of wind on water column structure. 

To consider the impact of wind speed and direction on thermal variability in 

southern Green Bay, we ran a cross-correlation between wind velocity and bottom water 

temperature, then separately characterized wind speed and direction for this period. This 

analysis suggested that wind velocity from 60-12 hours correlated with observed bottom 

water temperature. This relationship agrees quite well with the description of a 2-day 

periodicity of bay water temperature and currents between alternating wind from the 

southwest and northeast as well as a 12 hour steady state period between the onset of 

wind and bay circulation (Heaps et al., 1982; Miller and Saylor, 1985). While winds 

directly force Green Bay, the bathymetry and elongated nature of the bay make water 

exchange complex and difficult to model (Hamidi et al. 2015). Cold water from northern 

Green Bay is forced into southern Green Bay through the deep channel west of Chambers 

Island and does not spread across Green Bay in a consistent manner but rather follows 
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along the predominant cyclonic flow of southern Green Bay (Grunert, 2013; Miller and 

Saylor, 1985, 1993). Thus, beyond being primarily forced through wind, the distribution 

and extent of these waters is also forced by circulation, riverine inputs to Green Bay and 

bathymetry (Gottlieb et al., 1990; Lathrop et al., 1990). Inflow from Lake Michigan is 

significant, resulting in a relative water residence time of less than 1 year compared to a 

residence time of ~3.5 years when only considering riverine flows (Miller and Saylor 

1993). 

From this set of drivers, we would anticipate warmer years would exhibit an 

increase in stratification duration and intensity in southern Green Bay; however, 

observations did not support this. A factor in this is the role of winds in driving cold 

water intrusions into southern Green Bay. 2012, despite displaying a significantly warmer 

climate and water column, also exhibited stronger and more frequent northerly winds, 

effectively shutting down upwelling of cold bottom waters into the southern bay. 

However, we also found that the temperature of cold water intrusions in 2012 was 

significantly warmer in 2012 than in 2013. From this, we cannot exclusively claim winds 

as the primary driver of Green Bay thermal structure. The water displaced in 2012 and 

upwelled into southern Green Bay was also warmer by approximately 2°C, suggesting 

that a warmer climate played a role in decreased stratification duration and depth of the 

hypolimnion across southern Green Bay in 2012. Beyond simply considering 

predominant wind climatology as discussed in Waples and Klump (2002), it seems that 

the periodicity of wind shifts and atmospheric factors controlling those, as well as 

climate, play a combined role in thermal variability and temperature-dependent 

biogeochemical processes in Green Bay. This highlights the importance of accurately 
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projecting temperature, storm intensity and changes in wind climatology when assessing 

the impact of climate change on the aquatic environment. 

While it is known that a variety of factors account for the observed stratification 

in a given system, projected changes in lake stratification attributed to climate change 

tend to focus on increases in air temperature and, subsequently, water temperature 

(Adrian et al., 2009; Mortsch and Quinn, 1996), with some studies considering secondary 

drivers in small lakes such as water clarity (Palmer et al., 2014). We found that spring air 

temperatures and reduced winter ice cover resulted in a significantly warmer water 

column in 2012 relative to 2013; however, we posit that warmer air temperatures and 

reduced ice cover will not necessarily translate to more stable stratification and a longer 

stratified period for systems where thermal variability is also dependent on wind forcing 

(e.g. Trumpickas et al. 2015; Chowdury et al. 2016). 

Previous studies have pointed out the lack of regional coherence between air 

temperature and lake stratification due to variables such as wind velocity, sheltering, 

water clarity and surface heat fluxes (Benson et al., 2000; Read et al., 2014). Variability 

in mixed layer depth due to internal processes of large lakes and lake morphology have 

been observed (Cossu et al., 2017; Stainsby et al., 2011; Wells and Parker, 2010) while 

changes in wind velocity and air-sea interactions due to climate change have also been 

addressed (Austin and Colman, 2007; Desai et al., 2009; Waples and Klump, 2002). 

Despite the propensity to consider stratification stability and duration as increasing with 

climate warming, we argue that a more nuanced approach is needed to better assess how 

food web and biogeochemical processes will change due to climate change. Modeling 

studies have shown the importance of accurately representing the impact of competing 
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variables on thermal structure and its effect on hypolimnetic oxygen depletion in Lake 

Erie (Liu et al., 2014), as well as the importance of individual lake characteristics in 

mediating the onset of stratification (Read et al., 2014). While our system is not 

representative of many stratified freshwater systems due to the periodic introduction of 

cold bottom waters that initiate or maintain stratification, our observations suggest that a 

warming epilimnion coupled with divergent wind patterns and a warming hypolimnion 

can lead to conditions not well-predicted when considering air temperature alone. 

Additionally, we did not find that a change in the southerly wind trajectory significantly 

impacted the presence or duration of cold water intrusions, as predicted by Waples and 

Klump (2002). Rather, despite 2012 exhibiting stronger southwest wind forcing, warmer 

bottom waters and stronger and more frequent northerly winds led to a warmer water 

column and shorter duration of stratification. 

Studies considering the impact of climate on warming lake surface temperatures 

have observed that large lakes display more rapid warming than over-land warming, with 

deeper lakes displaying the greatest magnitude of change (Austin and Colman, 2007; 

Piccolroaz et al., 2013). Some studies have suggested that a change in ice cover is the 

primary driver due to increased solar heating from a lower albedo, with Hanrahan et al. 

(2010) observing a correlation between winter ice cover and summer lake surface 

temperature in Lake Michigan. This could be the primary cause for a warmer water 

column in 2012, as ice cover in Green Bay, peaking at 100% coverage for most years, 

peaked at 75% coverage for much of the bay in the winter preceding 2012 observations 

(NOAA GLERL/U.S. National Ice Center). However, Zhong et al. (2016) suggested that 

the impact of decreases in ice cover may be limited due to competing impacts of ice 
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albedo (cooling effect) and ice insulating effects (warming effect), while Toffolon et al. 

(2014) found that air temperatures dominate surface water temperature warming in small, 

shallow lakes and present a more muted surface water warming signal in deeper lakes. 

Green Bay undoubtedly behaves like a large lake but is quite shallow relative to 

its surface area, posing as a system with a fixed mixed layer depth for much of the 

southern bay in the absence of cold water intrusions. Kravtsov et al. (2018) describe a 

basis for observed warming trends in large lakes, finding that shallow regions of the 

Great Lakes will display more convoluted signals as thermal regime changes are driven 

by short-term atmospheric variability while deeper regions switch thermal regimes 

following the long-term warming trend. Considering this, the fact that the thermal inertia 

of Green Bay across most sites is relatively low due to shallow depths, and observations 

of mixed layer depth between a warm (2012) and relatively average (2013) year, it is 

likely that thermal stratification in many regions of Green Bay will be largely dependent 

on forcing of cold water into the bay from Lake Michigan and deep regions of northern 

Green Bay and the temperature of this upwelled water. This is demonstrable in the 

thermal profiles at Station 31 between 2012 and 2013, where isothermal conditions setup 

by October 1 in 2012; however, the water column maintains stratification well into 

October in 2013, suggesting that conditions producing cold water intrusions persisted 

well into October despite a smaller thermal gradient between the epilimnion and 

hypolimnion. Hamidi et al. (2015) also found that accurately modeling the mixed layer 

depth and intensity of stratification in Lake Michigan was critical for modeling the 

presence of cold water intrusions in southern Green Bay. This suggests that cold water 

intrusions will be significantly impacted by warming of Lake Michigan as well. 
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Observations of warmer surface water temperature accompanied by increasing wind 

speeds and evaporation favor water column mixing (Desai et al. 2009; Hanrahan et al. 

2010), a factor that could also explain the earlier onset of isothermal conditions in 2012. 

Thus, accurately characterizing the physical drivers of Green Bay, including climate-

driven variability in Lake Michigan proper, is crucial to forecast the future 

biogeochemical conditions of the bay to best inform current and future management 

decisions. 

 

Implications for temperature-dependent biogeochemical processes 

 Our observations that southwesterly, along-axis winds push surface water 

northwards, resulting in a reciprocal flow of bottom water observed as a cold water 

intrusion agrees with previous hypotheses about the mechanisms for these observed water 

masses (Kennedy, 1982; Waples and Klump, 2002), with the caveat that winds initiating 

the intrusion do not need to be aligned with the along-axis component of the bay but 

rather from a generally southerly direction. The intrusions initiate stratification in 

southern Green Bay, with prolonged stratification setting up conditions for rapid 

consumption of hypolimnetic oxygen and seasonal hypoxia observed in the bay for 

decades (LaBuhn and Klump, 2016; Valenta, 2013).. Other eutrophic Great Lakes 

systems have observed similar phenomena where hypoxia is dependent on periodic 

stratification formed by intrusions of cold water (Biddanda et al. 2018). Beyond the 

benthos, pelagic oxygen consumption within the hypolimnion has been shown to account 

for nearly 50% of total hypolimnetic oxygen consumption (Brunner, unpublished data), 

suggesting that warmer water column temperatures will extend beyond benthic impacts. 
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Green Bay also shares many similar features with Chesapeake Bay, including seasonal 

hypoxia influenced by physical forcing and nutrient loading (Lee et al., 2013; Li et al., 

2016; Scully, 2010, 2013; Vaquer-Sunyer and Duarte, 2008). While the primary setup for 

hypoxia is stratification, sediment oxygen demand in Green Bay fueled by loading of 

organic matter (terrestrial and autochthonous) leads to distinct, recurrent patterns of 

hypoxia that largely mirror circulation and organic matter deposition dynamics (Klump et 

al., 2018; Klump et al., 2009). This suggests that effective management of complex 

coastal systems requires an understanding of multiple drivers. 

 Coastal and lake systems are increasingly influenced by human activities, with 

urbanization and eutrophication often the common theme in regions experiencing 

hypoxia, as highlighted above. The impact of hypoxia on pelagic and benthic 

communities is well-documented (Diaz and Rosenberg, 1995; Vaquer-Sunyer and 

Duarte, 2008), including a mass beaching event of invasive round gobies on the eastern 

shore of Green Bay in 2005 (Qualls et al., 2013). The combined impact of eutrophication 

and hypoxia also alters benthic communities, microbial processing of organic matter and 

relative complexity of buried material (Middelburg and Levin, 2009; Wrede et al., 2017). 

In Green Bay, sediment has shifted to a finer, fluidized mud that prevents mayflies from 

forming stable burrows (Groff and Kaster 2017). The lack of mayfly presence in Green 

Bay for the past half century has very likely impacted bioirrigation of the sediments and 

sediment oxygen levels, which in turn impact microbial processing pathways (Banks et 

al., 2013; Michaud et al., 2005; Pastor et al., 2011). Even if nutrient loading is reduced, 

finer grained sediment is more easily resuspended, sequestration of organic matter in the 

sediments is altered and sediment oxygen exchange is altered, further impacting species 
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richness and functioning (Cai and Sayles, 1996; Middelburg and Levin, 2009; Wrede et 

al., 2017). The coupling of eutrophication and hypoxia has been observed to lead to a 

new regime for system biogeochemistry, more tightly coupling aquatic primary 

productivity into a recycling regime due to the generally low transfer of bacterial carbon 

to upper trophic levels (Howarth et al., 2011; Orita et al., 2015; van Oevelen et al., 2006). 

While restoration efforts are typically focused on upper trophic levels, including the 

muskellunge fishery in the lower Fox River and Green Bay, failure to restore the original 

ecosystem structure and function at all trophic levels leads to the absence of keystone 

species and continued poor water quality (Lotze et al., 2006; Törnroos et al., 2015). 

Water column structure also influences the role of sediments in achieving a steady state 

between nutrient loading and system trophic state (Soetaert and Middelburg, 2009). 

Understanding the complex interactions between physical drivers, nutrient loading and 

ecosystem functioning, particularly as it relates to species richness, is critical for 

managing Green Bay water quality (Beauchard et al., 2017; Bremner, 2008). Thus, 

current management strategies in Green Bay may not be adequate for restoration of 

original system functioning – a key goal of the Remedial Action Plan put in place for the 

lower Fox River and southern Green Bay – and should consider the role of lower trophic 

levels and physical forcing of system biogeochemistry (Last, 2013). 

The coupling of hypoxia, temperature and methane production is well-

dcoumented (Schulz et al., 1997; Yvon-Durocher et al., 2014; Zhang et al., 2010). The 

link between a changing climate, changing physical structure of lakes and coastal systems 

and concomitant changes in methane production, the proverbial positive feedbacks due to 

a warming climate (Walter et al., 2006), however, is a more recent observation (Wik et 
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al., 2014). Bastviken et al. (2011) estimated that methane production in freshwater 

systems will increase under a warming climate. Our results suggest that for some 

systems, this increase could be much more marked than under a gradual increase in 

average temperature if the physical structure of the system is significantly changed due to 

a warming climate and changes in wind climatology, a result consistent with the findings 

of Wik et al. (2014). In Green Bay, even when the water column is not well stratified, 

bottom water oxygen concentrations are relatively low, at or below 50% saturation 

(Klump et al., 2018). Low oxygen conditions, even in the absence of hypoxia, alter 

species diversity, distribution and behavior and favor reducing pathways that 

fundamentally alter the biogeochemistry of coastal systems (Gray et al., 2002; 

Middelburg and Levin, 2009; Vaquer-Sunyer and Duarte, 2008). A shift to anaerobic 

pathways leads to increased methane production, a shift to opportunistic species (e.g. 

oligochaetes) and a reduction in re-oxidation pathways for reduced metabolites (Carter et 

al., 2006; Naqvi et al., 2010). Overall, energy transfer to higher trophic levels is disrupted 

with an apparent net effect of a tighter feedback between microbial degradation of 

organic matter and primary productivity creating a system for sustained eutrophication 

and hypoxia even in the absence of limited nutrient loading (Howarth et al., 2011; Orita 

et al., 2015). A shift to a microbial loop and trophic transfer through this element can also 

strongly shape food web structure and energy transfer efficiency (Christoffersen et al., 

1990; Jansson et al., 2007). Our observations, although limited to two years, suggest the 

possibility of a warmer, thinner hypolimnetic layer in warmer years during stratified 

periods and a much warmer benthos in southern Green Bay during isothermal water 

column conditions. This, coupled with decreased oxygen saturation at warmer 
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temperatures, suggests that hypoxia may be exacerbated and methane production will 

likely increase in a warmer climate. 

 

Conclusions 

We considered thermal structure in southern Green Bay between two significantly 

different years: 2012, which experienced abnormally warm spring and summer air 

temperatures, and 2013, which experienced cooler than average spring and average 

summer air temperatures. This difference in seasonal climate resulted in a peak water 

column heat content of over 150 kJ∙m-2 more in 2012 approximately 3 weeks later in the 

summer season. Mean bottom water temperatures were significantly warmer in 2012 by 

5.4 °C for the entire season, and 3.3 °C warmer during cold water intrusions while 

intrusion duration was significantly shorter due to more frequent and intense northerly 

winds, despite a concomitant increase in mean southerly winds that were more closely 

aligned with the predominant axis of the bay. Cold water intrusions, a frequent feature in 

southern Green Bay waters, strongly influence the thermal regime of southern Green Bay 

and stratification; however, forecasting future biogeochemistry of the bay will depend on 

understanding how a warming climate impacts seasonal evolution of water column 

temperatures in all of Green Bay, as well as Lake Michigan proper. Cold bottom water 

displaced into southern Green Bay in 2012 was significantly warmer while intrusion 

duration was shorter due to northerly winds. Thus, understanding future climate impacts 

on thermal structure, hypoxia and methane production requires an understanding of the 

propagation of atmospheric warming into these waters, how the timing of this warming 
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impacts seasonal progression of stratification and how wind climatology alters system 

biogeochemistry alongside a warmer climate. 

Cold water intrusions have been observed in southern Green Bay for decades and 

are known to provide the physical set up for hypoxia and anoxia in the system (Klump et 

al., this issue). Here, we showed that climate and wind patterns significantly impact the 

presence and persistence of these features with profound impacts on biogeochemical 

processes in the benthos. The cold water intrusions are initiated by persistent southerly 

winds, typically over 4 m·s-1 for a 48 hour period, while the intrusions are terminated 

when the winds switch to persistent northerly winds. While these features strongly drive 

stratification in southern Green Bay, our observations also suggest that relatively shallow 

(< 20 m), seasonally stratified systems may not increase in stratification strength and 

duration under a warming climate. Rather, how multiple drivers of physical structure in 

these systems change with a warming climate should be considered. It is likely that the 

volume of the hypolimnion will decrease and temperature will increase during stratified 

periods in a warmer climate, creating more rapid onset of hypoxia and a greater 

magnitude of variability in oxygen conditions for the benthos. Understanding how 

changes in atmospheric temperatures and wind climatology impact the biogeochemistry 

and ecosystem functioning of coastal and lake systems impacted by eutrophication and 

hypoxia is crucial for creating effective restoration and management plans. 
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Figures 

Figure 1. Moorings (black triangles), GLOS buoy (black square) and 

NCEI/NESDIS/NOAA climatological divisions used in the current study. Station 

numbering follows the historic sampling grid as described in (Cahill, 1981) and further 

described in Klump et al. (2018). 

 

Figure 2. 2012 water temperature profiles from moorings at stations (a) 9, (b) GLOS 

buoy, (c) 21 and (d) 31. Colormap from the cmocean project (Thyng et al., 2016). 

 

Figure 3. 2013 water temperature profile at (a) the GLOS buoy and (b) Station 31 

mooring. Note difference in observation period between stations. 

 

Figure 4. 2013 wind velocity measured over the entire field season at the GLOS buoy. 

Colormap from the cmocean project (Thyng et al., 2016). 

 

Figure 5. Comparison of the (a-d) pre-intrusion and (e-h) post-intrusion wind periods 

measured at the GLOS buoy in 2013. Colormap from the cmocean project (Thyng et al., 

2016). 

 

Figure 6. (a) 2012 and (b) 2013 wind velocity interpolated to the GLOS buoy location 

from wind measurements at NOAA Automatic Surface Observing System stations 

identified in Fig. 1. Colormap from the cmocean project (Thyng et al., 2016). 
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Figure 7. Average modeled daily (a) net, (b) longwave radiation, (c) shortwave radiation, 

(d) latent and (e) sensible heat flux terms for 2012 and 2013 from July 1 – September 30. 
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Tables 

Table 1. Average monthly air temperature for each NOAA Climate Division adjacent to 

Green Bay for months from March-August in 2012 and 2013. Colored cells in table 

follow the color scale (at right hand of table) used by NOAA’s NCEI Climatological 

Rankings, with blue indicating below average air temperatures within the indicated rank 

(with 1/10 indicating it is in the coolest 10% of observations for that month or 1/3 

indicating within coolest 33%), gray indicating an average year and red indicating above 

average air temperatures. Similar redder scale indicates if within warmest 10% or 33% of 

months. The “1” indicates the warmest monthly average air temperature on record. 

 
 2012 2013 
 MI1 MI2 WI3 WI6 MI1 MI2 WI3 WI6 

March 4.6°C 3.4 °C 6.1°C 7.6°C -5.9°C -4.1°C -4.7°C -3.4°C 
April 4.6°C 4.4°C 6.2°C 7.1°C 0.5 °C 1.4°C 2.2°C 4.2°C 

May 13.1°C 12.4°C 14.4°C 15.2°C 9.9°C 10.5°C 12.2°C 12.8°C 

June 17.6°C 17.2°C 18.6°C 19.8°C 15.2°C 15.3°C 16.8°C 17.8°C 
July 21.0°C 21.3°C 22.2°C 24.1°C 18.6°C 18.7°C 19.7°C 20.6°C 

August 17.9°C 18.9°C 18.6°C 20.2°C 17.9 °C 18.2°C 18.6°C 19.9°C 

 

  

1/10

1/3

N

1/3 

1/10

1
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