METO 3100
CLIMATE AND THE EARTH SYSTEM
In Class Activity 24
Project Eddie Module: Paleoclimate and ocean Biogeochemistry

In this activity and the next, we will pilot a module developed by Allison W. Jacobel from Middlebury College and Brown University. The overarching question the module helps students answer is: How does primary productivity influence global climate? This activity has been designed using the Project EDDIE (Environmental Data-Driven Inquiry and Exploration) module framework. Thus, the module is focused on giving students an opportunity to use large, real-world data sets to improve their quantitative reasoning through self-directed inquiry.
These activities require the use of the Data Analysis ToolPak in Excel. To download the toolkit in Excel 2016, open Excel, click on File, on Options on the bottom left of the screen. Then click on “Add-ins” and select “Analysis ToolPak”. Click on “Go” at the bottom of the screen (make sure “Excel Add-ins” is selected in the drop-down menu) and in the Add-ins available box check the box next to “Analysis ToolPak” and then click OK. Once the add-in has been successfully installed you will see “Data Analysis” on the top-right of the screen when you click on the Data Tab. If you don’t know how to use the Data Analysis ToolPak, watch this video: https://www.youtube.com/watch?v=vFcxExzLfZI.
Part 1. Productivity and Macronutrients
Ocean productivity plays a critical role in modulating global climate because photosynthetic organisms living in the surface of the ocean “fix” inorganic carbon dissolved in the water and bind it in organic compounds. When these organisms die and are aggregated by secondary consumers like zooplankton, they become more dense than the surrounding water and sink out of the surface ocean, exporting carbon into the deep ocean. If the amount of carbon that is removed from the surface ocean by biological productivity is greater than the amount of carbon released by oceanic upwelling, then carbon can be stored in the deep ocean and, other variables held constant, Earth’s climate will ultimately cool.
Nitrogen (N) and phosphorous (P) are critical macronutrients that support primary productivity (the production of organic carbon by phytoplankton) in the world oceans. The production of organic carbon can be limited by N and/or P because organisms require both.
Begin by examining the dissolved concentrations of N, as nitrate (NO3-), and P, as phosphate (PO43-), in the ocean using the maps provided to you. These maps have been created using a program called Ocean Data View, which aids in the spatial visualization of data that have been measured at thousands of points in the ocean by scientists on ships and autonomous floats. The chlorophyll data come from NASA’s Sea-viewing Wide Field-of-view Sensor (SeaWiFS), and the nutrient data (N and P) are from the 2013 World Ocean Atlas.
In answering the following questions, consider broad ocean regions (for example: “the North Pacific,” “gyres,” “western continental boundaries”) and recall what you have learned about the processes that deliver (e.g., rivers, wind, hydrothermal vents) and redistribute (currents, upwelling) nutrients.
1) What is the range of NO3- concentrations (include units!) in the ocean?
0-30 μmol/L
2) What is the range of PO43- concentrations (include units!) in the ocean?
0-2 μmol/L
3) Where in the ocean (broadly) do NO3- concentrations appear highest, where are they lowest?
Highest in the Southern Ocean, south of the Aleutian Islands in the North Pacific. Might also comment on the Eastern Equatorial Pacific Oxygen Minimum Zone (off of Central America) or the high latitude North Atlantic to the East of Greenland. Lowest in the gyres (middle of oceans 30N and 30S). Low also in the Indian Ocean.
4) Where in the ocean (broadly) do PO43- concentrations appear highest, where are they lowest?
Highest in the Southern Ocean, off the west coasts of North and South America, south of the Aleutian Islands in the North Pacific. Lowest in the gyres (middle of oceans 30N and 30S) and in the Indian ocean.
Photosynthesizing organisms require both nitrate and phosphate, but not in equal quantities. Most marine photosynthesizers require 16 moles of nitrate for every one mole of phosphate. In other words, the macronutrients are required in a ratio of 16:1 N:P, this is known as the Redfield ratio, named for its discoverer Alfred C. Redfield. 
Examine the map of global surface ocean “N/P.” This map shows the molar ratio of nitrate to phosphate in the ocean. Using the names of broad ocean regions (as above) answer the following questions:
5) Where in the ocean is there too little NO3- relative to PO43- to satisfy organisms’ macronutrient requirements?
Anywhere with a N/P ratio lower than 16. This is anywhere that is yellow, green, blue or purple. Generally speaking, the gyres are problematic as is the Indian ocean. Some regions around the edge of the Southern Ocean. Students may mention the Equatorial Pacific or north Pacific.
6) Where in the ocean is there “the ideal” ratio of NO3- relative to PO43-?
Places where the color bar reads orange to red. Some areas of the Southern Ocean, North Atlantic, Mediterranean Sea.
Examine the map of “Surface Ocean Chlorophyll”. Chlorophyll is a pigment that is produced by marine primary producers and thus can be used as an indicator of photosynthetic output, with higher chlorophyll concentrations indicating higher productivity and vice versa.
7) Where in the ocean (broadly) is productivity highest, where is it lowest?
Highest: Continental margins (upwelling zones) (especially west coasts of continents), equatorial Pacific, North Pacific (south of the Aleutian Islands), Arabian Sea. Lowest: Gyres, not high in the Southern Ocean.
8) Where in the ocean do “ideal” N/P ratios and high productivity seem to overlap?
Both are high off of the west coasts of continents and in the North Pacific. Both are low in the gyres.
9) Name and describe the large region of the global ocean where there appears to be a disconnect between the availability of macronutrients and the amount of productivity that is observed.
Apparent mismatch between high macronutrient availability in the Southern Ocean and low productivity in the Southern Ocean.

Part 2. Productivity and Micronutrients
Phosphorous and nitrogen are critical macronutrients for phytoplankton in the ocean. Micronutrients are nutrients that are also important for primary productivity, but they are required in smaller amounts than the macronutrients. You can think of these micronutrients like the vitamins and minerals that are important for human health. You don't need a diet primarily composed of zinc or calcium, but for optimal health and growth, you need a little bit of these micronutrients (and others). One of the most important micronutrients in the ocean is iron (Fe), which is critical for respiration, photosynthesis, and the “fixation” of atmospheric N2 gas into biologically useful forms.
There are several important sources of Fe to the oceans, with the relative importance of these sources varying with location. Sources include riverine inputs, mid-ocean ridge systems, and aeolian (wind-blown) dust. For open ocean locations that are far away from mid-ocean ridges, aeolian dust is the largest source of Fe.
There are a few areas of the global ocean in which Fe limits productivity despite an abundance of available nitrate and phosphate. You identified one of these regions in your answer to Part 1, Question 9. Ocean regions like these, where nitrate and phosphate are abundant, but productivity is not, are called high-nutrient low-chlorophyll (HNLC) regions. Some of these regions are the consequence of insufficient Fe, while others occur seasonally due to a lack of light (another important ingredient for photosynthesis).
Thus far, the maps you have examined show nutrient and productivity patterns at present. Continue your investigation of ocean nutrients by examining how the delivery of dust-borne iron to the ocean has changed through time, specifically on glacial-interglacial timescales at two locations. With Excel, open the file “In Class Activities 24 and 25.xlx”, which is posted in Canvas under the Paleoclimate module. The file contains one dataset from the equatorial Pacific (published by Loveley et al., 2017) and a second data set from the Southern Ocean (published by Martínez-Garcia et al., 2014). Both papers are posted in CANVAS under the Paleoclimate module. Familiarize yourself with the units of the variables. Check with a partner or Alex that you understand these units both in the numerator (up on top, above or to the left of the “/”) and in the denominator.
10) What are the units of dust flux for each of the two data sets?
The Southern Ocean data have units of g/cm2/kyr. The equatorial Pacific data have units of μg/cm2/kyr.
11) Why do you think the units used by these two authors are different?
Dust fluxes to the equatorial Pacific are much lower than they are to the Southern Ocean.
12) Write out the unit conversion you would use to convert one set of units to the other.
One million (1,000,000) μg is equivalent to one (1) gram. Would need to divide the equatorial Pacific data by 1e+6 (or multiply the Southern Ocean data by 1e+6) to convert them to the same units.
13) Plot the dust flux on the y-axis vs. age on the x-axis. You should create two scatter plots (not line plots, so that both axes are quantitative), one for the Martínez-Garcia et al. 2014 data (from the Southern Ocean) and one for the Loveley et al., 2017 data (from the equatorial Pacific). Only plot the most recent 500 ka of the Martínez-Garcia et al. data. Format the plots according to your preferences but make sure to scale your axes appropriately to display the data and label your axes with their variables and units. Copy and paste the plots below.
[image: ]
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14) Zoom in on the most recent 100 kyr. Describe any “unusual” values or excursions you observe in one or both records.
There is a large peak in the dust flux record from the equatorial Pacific around 82 ka. The dust flux dataset by Loveley et al., 2011 was constructed using 232Th isotope data, a proxy for terrestrial input. The input of terrestrial material that has a non-dust origin may confound this signal. Typically, in distal marine environments these inputs are negligible. However, at the easternmost equatorial Pacific site studied by Loveley and co-authors there appears to be a significant contribution of non-aeolian 232Th from wind-blown ash between 81 and 85 ka. This anomalous data during this interval has been associated with an ash layer attributable to a volcanic eruption known as the Los Choyocos. Ideally, dust flux data from the Los Choyocos ash layer would be excluded from the correlation with Baxs flux and students may choose to “clip” these data out of their correlation. However, including the data does not significantly impact the conclusions drawn about the relationship between dust and productivity in the easternmost equatorial Pacific so “clipping” is not essential for module success.
15) Ignoring the feature(s) you described in 14, what are the more representative maximum and minimum values for the two time series over the last 100 ka (4 numbers total)?
Maximum eq pac: ~28 umol/cm2/ka – Ignoring the 82 ka feature (as they are instructed to do) the highest value is ~2 umol/cm2/ka
Minimum eq pac: 0.8-1 umol/cm2/ka
Maximum Southern Ocean: 13-14 g/cm2/ka
Minimum Southern Ocean: 2-3 g/cm2/ka
Scale your plots (change the y-axis value(s)) so that you can see the temporal variability in both data sets. In other words, zoom-in on the y-axis so that the “unusual” excursion(s) you described above do not hide the variability in your plot(s).
16) When (broadly speaking) do higher and lower values occur in each of the two time series? Is the timing the same between the two time series?
Both time series have low values from ~15 ka to present and higher values from 70-20 ka.
17) What is the magnitude of variability in the dust flux time series at each of the two sites? Hint: Take the average maximum value divided by the average minimum value.
The magnitude of variability is much larger in the Southern Ocean (7x change) relative to the equatorial Pacific (2x change).
18) Propose a hypothesis as to why these data sets respond on this time scale of variability (the same timescale as glacial-interglacial cycles). Your answer should include a statement summarizing how dust/Fe enters the ocean and why that is different during glacial and interglacial periods. Hint: you may want ask Alex to remind yourself of the timescale of glacial-interglacial cycles.
High dust fluxes during the last glacial period/glacial maximum and lower dust fluxes during the present Holocene interglacial.
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