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CHAPTER OVERVIEW

1: Our Oceans and Oceanographic Data

@b Learning Objectives

After reading this chapter, you should be able to:

describe the five major ocean basins, the major ocean provinces, and the characteristics that differentiate/define them
recognize several of the common sensors and platforms used to collect oceanographic data

identify key components of a scientific graph (axes scales, legends, multiple y-axes)

describe data patterns such as trends over time or distance

recognize graph types commonly used in oceanography (time series, contour plots, vertical sections, depth profiles)

1.1: Overview of the Oceans

1.2: Continental Margins

1.3: Marine Provinces

1.4: How are data about the ocean collected?

1.5: How are oceanographic data displayed?

This page titled 1: Our Oceans and Oceanographic Data is shared under a not declared license and was authored, remixed, and/or curated by
Tasha Gownaris via source content that was edited to the style and standards of the LibreTexts platform.
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1.1: Overview of the Oceans

Let’s begin by looking at a few basic facts about the oceans. We often think of Earth in terms of its land area, but in reality 71% of
the Earth’s surface is covered by oceans, while only 29% is land. Oceans cover an area of 139 million miles? or 361 million km?,
and contain a volume of about 1.37 billion km® of water. All of this water is not distributed equally over the Earth; 61% of the
Northern Hemisphere is covered by oceans, while in the Southern Hemisphere the oceans cover 81% of the surface area (Figure
1.1.1).

Figure 1.1.1 Ocean cover in the Northern (left) and Southern (right) Hemispheres.

Various sources differ in the number of recognized ocean basins. Historically the major oceans were recognized as the Pacific,
Atlantic, Indian, and Arctic Oceans. More recently, the Southern Ocean has been recognized as fifth named ocean, comprising all
of the water from the coast of Antarctica to 60° S (Figure 1.1.2). In 2000 these boundaries were submitted to the International
Hydrographic Organization for official recognition, but several countries do not recognize it as a separate ocean, but rather as the
southern extension of the other major oceans. The Southern Ocean has its own unique characteristics, so for the purposes of this
book we will include it as a separate ocean.
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Figure 1.1.2 Map of the world oceans (By Pinpin [GFDL (http://www.gnu.org/copyleft/fdl.html) or CC BY-SA 3.0], via Wikimedia
Commons).

The oceans account for vast amounts of water, containing 97% of the water on Earth’s surface, with over half of the water in the
Pacific alone (Table 1.1.1).

https://geo.libretexts.org/@go/page/49870
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Table 1.1.1 Percentage of Earth's water in various locations

Pacific 52%
Atlantic 25%
Indian 20%
Ice 2%
Ground water 0.6%
Atmosphere, lakes & rivers 0.01%

The average depth of the world ocean is about 3800m (12,500 ft), which is about four times deeper than the average land elevation
is high (840m or 2800 ft). In fact Mt. Everest, the highest point on land, is 8848m (29,028 ft) high, while the deepest part of the
ocean, the Challenger Deep of the Marianas Trench is 11,022m (36,200 ft) deep. So you could submerge Mt. Everest in the
Marianas Trench and it would still be covered by over 2 km of water! Because there is so much more water on Earth than there is
land, if you could smooth out the land elevation the entire Earth would still be covered by water about 2700 m deep.

Of the major ocean basins, the Pacific is the largest (almost as large as all of the others combined), and is the deepest (Table 1.1.2).

Table 1.1.2 Area and depth of the major oceans

Area (million km?) Average depth (m)
Pacific 166 4282
Atlantic 87 3926
Indian 73 3963
Arctic 14 1205
Southern 20 4000

Watch the video below for some perspective on the size and depth of the oceans.

https://geo.libretexts.org/@go/page/49870


https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49870?pdf

LibreTexts"

OW DEEP IS THE OCEAN?

Watch on (@ YouTube

INECH
INSIDER

This page titled 1.1: Overview of the Oceans is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris
via source content that was edited to the style and standards of the LibreTexts platform.

e 1.1: Overview of the Oceans by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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1.2: Continental Margins

Continental margins refer to the region of transition from the land to the deep seafloor, i.e. between continental and oceanic crust.
Figure 1.2.1 shows an idealized continental margin. When examining this figure, and others like it, note that there is significant
vertical exaggeration; the depth scale covers approximately 5000 m, while the horizontal scale extends around 300 km. This makes
the features look much steeper than they actually are. The bar at the bottom of Figure 1.2.1 shows what the margin would look like
without this exaggeration; there is a much more gradual transition to depth.
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Figure 1.2.1 Features of a passive continental margin (modified by PW from Steven Earle, “Physical Geology”).

The continental shelf is the shallow, flooded edge of the continent. Geologically the shelf is still part of the continental crust, but it
is often overlaid with marine sediments. On average, the shelf extends about 80 km from the coast; some margins have very little
shelf, while the Siberian Shelf in the Arctic extends roughly 1500 km. The depth of the shelf generally remains below about 150 m,
and the floor of the shelf is fairly flat. The flat topography is the result of changes in sea level; throughout history the shelves have
been both submerged and exposed, and as sea level rose and fell, wave action, ice sheets, and other erosional processes smoothed
out the shelf surface. Wave action and the movement of sediments over the shelf have continued this smoothing process.
Continental shelves only make up about 6% of the ocean’s surface area, but they are biologically one of the richest parts of the
ocean; their shallow depth prevents nutrients from sinking out, and their proximity to the coast provides significant nutrient input.
The continental shelf ends at the shelf break, which is the point where the angle of the seafloor begins to get steeper. The shelf
break averages about 135 m deep.

After the shelf break, the seafloor takes on a steeper angle (about 4°) as it descends to the deep ocean. This steeper portion of the
margin is the continental slope, and it extends from the shelf break down to 3000-5000m. In some parts of the ocean, large
submarine canyons have been carved into the continental slope; for example, Monterey Canyon in Monterey Bay, California, is a
submarine canyon similar in size to the Grand Canyon! These canyons may be carved out by turbidity currents, which are
essentially landslides of sediment, rocks, and other debris down the face of the slope.

At the bottom of the slope is the continental rise. This area represents where the continental crust meets the oceanic crust, as the
slope begins to level off to become the deep ocean floor. The rise consists of a thick layer of accumulated sediment coming from
the continent, so it is difficult to tell where the slope ends and the rise begins.

After the rise comes the abyssal plain, or the deep ocean floor, lying between 4500 — 6000 m. The abyssal plain includes most of
the ocean floor, and is the flattest region on Earth. It is flat due to millions of years of sediment accumulation on the bottom, which
buries many bottom features (Figure 1.2.2).
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Figure 1.2.2 Topography of the North Atlantic. Shallow continental shelf regions are shown in red, and the abyssal plain is shown in
blue. Along the east coast of the United States the continental slope can be seen in green (Steven Earle, “Physical Geology”).

* “Physical Geology” by Steven Earle used under a CC-BY 4.0 international license. Download this book for free at

http://open.bccampus.ca

This page titled 1.2: Continental Margins is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.

o 1.2: Continental Margins by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.

@ 0 https://geo.libretexts.org/@go/page/49871


https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49871?pdf
http://open.bccampus.ca/
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/01%3A_Our_Oceans_and_Oceanographic_Data/1.02%3A_Continental_Margins
https://creativecommons.org/licenses/by/4.0
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/01%3A_Our_Oceans_and_Oceanographic_Data/1.02%3A_Continental_Margins?no-cache
https://rwu.pressbooks.pub/webboceanography
https://geo.libretexts.org/@go/page/4451
https://www.rwu.edu/academics/schools-and-colleges/fssns/faculty/paul-m-webb
https://creativecommons.org/licenses/by/4.0/
https://rwu.pressbooks.pub/webboceanography

LibreTextS'"

1.3: Marine Provinces

In section 1.2 we learned about the regions that make up the continental margins. So before we leave this topic, we will look at
some of the other ways we can categorize the ocean environments.

The first major distinction is between the pelagic and benthic zones. The pelagic zone refers to the water column, where swimming
and floating organisms live. The benthic zone refers to the bottom, and organisms living on and in the bottom are known as the
benthos.

The pelagic zone is divided into two provinces: the neritic province corresponds to all of the water from the low tide line to the
shelf break, while the oceanic province represents all of the other water in the open ocean regions.

The oceanic province is divided into depth zones (Figure 1.3.1):

e 0-200 m is the epipelagic zone (“epi” = “upon”, as in on top of the pelagic zone). This is the region where enough light
penetrates the water to support photosynthesis (see section 7.3), so it is also called the eupheotic or photic zone.

e 200-1000 m is the mesopelagic zone (“meso” = “middle”). There is some light here, but not enough for photosynthesis, so it is
called the dysphetic zone, or the twilight zone.

e 1000-4000 m is the bathypelagic zone (“bathy” = “deep”). There is no light at these depths, so it is referred to as the aphetic
zone. About 75% of the living space in the ocean lies at these depths or deeper.

e 4000-6000 m is the abyssopelagic or abyssalpelagic zone, which extends to the seafloor in most areas.

e 6000 m and below is the hadoepelagic or hadalpelagic zone (named for Hades or “hell”). This refers to the water in deep ocean
trenches.

Inhabitants of these regions are referred to according to their habitat, for example mesopelagic fish, or epipelagic squid.
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Figure 1.3.1 The major benthic and pelagic oceanic divisions (K. Aainsqatsi at en.Wikipedia [Public domain, GFDL
(http://www.gnu.org/copyleft/fdl.html) or CC-BY-SA-3.0], via Wikimedia Commons).
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The benthic environment is also divided into zones, most of which correspond to the pelagic divisions:

o The supralittoral zone lies above the high tide line. Also called the spray zone, it is only submerged during storms or unusually
high waves.

o The littoral zone is the region between the high and low tides. Thus it is also referred to as the intertidal zone.

o Below the littoral zone is the sublittoral (shelf) zone, extending from the low tide mark to the shelf break, essentially covering
the continental shelf.

o The bathyal zone extends along the bottom from the shelf break to 4000m, so it generally includes the continental slope and
rise.

o The abyssal zone is found between 4000-6000 m, including most of the abyssal plains. The abyssal zone represents about 80%
of the benthic environment.

o The hadal zone includes all benthic regions deeper than 6000 m, such as in the bottom of trenches.

This page titled 1.3: Marine Provinces is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.

o 1.3: Marine Provinces by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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1.4: How are data about the ocean collected?

The ocean has vast resources for humans, it supplies food, medicines, jobs in fisheries, the transportation of goods, tourism and
recreation. All of these industries are more efficient if they can predict ocean processes. For example, it doesn’t make sense to go
fishing in an area if your target fish are not there. Ship routes may need to be changed when there is bad weather and poor sea
conditions predicted. Tourism activities that depend on weather, water clarity, or whale sightings opportunities all benefit if the
operators have an understanding of the local ocean conditions. These are all examples where the knowledge of oceanography can
be beneficial for businesses.

Throughout this book, we will use data collected and activities created by the Ocean Observatories Initiative (OOI). You will be
introduced to the ways in which data are collected, but first watch the video below which explains how these data are available to
everyone. As you watch, you will get quick glimpses of some of the platforms described in more detail in later activities. In
particular, watch for a buoy containing lots of instruments to measure atmospheric conditions, an instrument on the seafloor
measuring fluids seeping out of the sea bed and a glider being launched. These gliders contain instruments to measure water
properties such as temperature and salinity.

Offshore Surface  Offshare Moaring Shelf Surface Shelf Surface-
Maaring 200m Platform &  Mooring Piercing Profiler
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0OOI- Access to the Ocean Video

OOl - Access the Ocean (w s

Ocean Observatories Initigiiug

Now let's look at some of the different ways that oceanographic data are collected. These data help oceanographers make decisions
on questions like “When are conditions optimal for fishing?”, “When will waves become extreme and thus potentially be
dangerous?” “How is climate change affecting the ocean?” Understanding how these data are collected is the first step in being able
to inform these pressing questions.

Ocean Technology

Oceanographers use a variety of ocean technology to collect data about the oceans. In-situ observations collect data in the water
using sensors on ships and submersibles. These types of measurements are very useful, but limited in extent. Remote
sensing provides a way to fill in data gaps. Remote sensing is a method of collecting data without direct contact with the medium.
Satellites are one remote sensing platform. Satellites are equipped with instruments that can make measurements of the ocean,
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including water color, sea surface height and the intensity of local gravity. These types of measurements have become a big part of
the data set that scientists use to get a more complete understanding of the ocean.

Tools of Science: Samplmg
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Oceanographic instruments can be installed on a variety of platforms. These platforms are just the physical setting for the
instruments. They can be ships, buoys, remotely operated vehicles, satellites or the sea floor. The platform and instruments chosen
are matched to the questions being asked. Below is a short description of some of the platforms used by oceanographers, and an

explanation of when they might choose to use them.

o Autonomous Underwater Vehicles (AUVs) — Are essentially underwater drones or robots, except that rather than having an
operator drive them in real time they are programmed to follow a particular path. Operators may be on a vessel or even on
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shore, and they program an AUV with instructions for where, when, and what should be sampled. AUVs may have a variety of
sensors for sampling or surveying such as cameras, sonar, temperature and depth sensors. AUVs store data until it can be
retrieved after the AUV is recovered at the end of a dive. AUVs can range in size from small (some gliders are 1-2 meters long)
to very large (several meters long) and are powered by batteries. Some may be recharged via solar energy, while others are
recharged aboard a ship or brought back to land. AUV’s can be deployed for long periods of time and re-sample areas on an
hourly, daily, weekly or monthly timeline without having a ship present. AUV data can be the same type of data that is collected
from research vessels but offers the opportunity to collect the data at a very reduced cost. One example of an AUV is a Glider,
as shown below, which can move in both horizontal and veritcal direction.

Glider

¢ Remotely Operated Vehicles (ROV) — Are underwater robots that are controlled by someone on the surface. ROVs are
tethered to the research vessel or sometimes a HOV via a cable that transmits power to the ROV and data back to the ship.
These allow scientists to explore the ocean without being in the ocean themselves and eliminates physiological constraints of
the human body. An onboard video camera sends images to the ship via the tether and allows an operator to see real-time
images to drive it with a joystick, similar to playing a video game. The ROV has an advantage over AUV’s in that there are
manipulator arms with attachments that can grab something, or a slurpy gun to capture small organisms, or take sediment
samples with a small corer. ROVs typically have a variety of instruments to collect data via sensors, still cameras, and samplers
that may be changed out depending on the data wanted by the scientists.

Learn about being an ROV Pilot as a career with this Nautilus Live video:
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e Human Occupied Vehicles (HOV) — often called “Subs” are underwater vehicles typically manned with a driver and a
scientist. While this allows for real-time observation, the time underwater and depth to which it can dive is constrained by the
fact that an environment with oxygen and proper pressure must be maintained for the people inside. They require a ship for
deployment but operate untethered from the ship. Like ROVs, they have a variety of sensors,still cameras, video cameras, arms
with manipulators and a variety of sampling attachments. The advantage to HOVs is real-time observation by the scientists
onboard, but the disadvantage is the cost and risk to human life should something go wrong.

Alvin, which is operated by Woods Hole Oceanographic Institution (WHOI), has been in operation since 1964. The human
occupied vehicle is capable of reaching depths of 4,500m, carrying two scientists and one pilot for each dive.
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Dive Deeper: Alvin makes it real

Moorings — Moorings are comprised of an anchor, a buoy and some instruments either on the buoy or on the line connecting
the anchor and buoy. They provide a platform where continuous measurements can be made at a particular location. Instruments
on the line between the buoy and the anchor could be measuring current speed and direction, or properties of the water, like
temperature, salinity, dissolved oxygen concentration, etc.

o Profilers — A Profiler is a tethered vehicle that moves through the water column carrying instruments, which sample vertically
through the water column. Profilers either track along the mooring riser (wire-following profilers), or include a winch that pays
out line allowing the profiler to rise through the water column until a fixed depth
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Surface mooring from the ocean's surface (left) and what goes on underneath (right).

o Cabled Arrays — In some places there are many instruments installed on the seafloor, such as at the site of an active volcano.
These instruments collect data related to volcanism, like earthquake magnitude and frequency and the change in tilt of the sea
floor. Since these instruments are far below the sea surface they have to use underwater cables to transmit this data to shore.
Thus these collections of instruments (arrays) are called cabled arrays.

Juan de Fuca
Plate
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o Ships — Ships as a platform provide flexibility, but at a cost. When oceanographers go to sea on a research vessel they can
examine data as it is collected and make changes to the sampling program based on what they observe. But ship time is
expensive, and not an efficient way to repeatedly take the same type of samples in the same location (as can be done with
moorings or arrays) or locations (as can be done with gliders). Neither arrays nor gliders allow scientists to collect physical
samples, so if water or rock samples are required a ship is the platform to choose.

R/V Thompson

o Satellites — Satellites are used to both collect and transmit data. With the right instruments they can collect any type of data that
can be remotely measured. There are ways to do this so we can measure sea surface temperature, sea surface height and the
color of the water. This last property helps in remotely measuring phytoplankton concentrations. And satellites are useful in
collecting data from moorings and arrays and transmitting it to scientists in the lab.
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Sensors

We will come back to these sensors throughout the class, as we discuss the important characteristics (salinity, temperature, etc.) that
the measure. For now, this provides a brief overview of some key sensors.

o Thermistor — moorings, arrays, research vessels and gliders often have a temperature sensor called a thermistor.

o Pressure sensor — pressure sensors are also common on most platforms. Why would scientists be interested in pressure?
Because that tells them the depth of the pressure sensor. For this reason pressure sensors are usually paired with other sensors so
we know the depth of the measurement.

o Conductivity sensor — Seawater conducts electricity, and the amount of electricity that is conducted depends on the salinity of
the water. Salinity is an important control on water density so conductivity sensors are found on many of the platforms
mentioned above.

o Seismometer — Seismometers measure the shaking of the Earth, with several one can determine the location and magnitude of
earthquakes. Earthquakes provide information about solid earth processes, for example they may be useful in predicting
volcanic eruptions.

e CTD -is an acronym for conductivity (salinity), temperature and depth, and is a multi-sensor unit that may be manually
deployed off a ship. Smaller CTD units may be autonomous and incorporated into gliders, moorings or profilers. It is essential
for determining the physical properties of water. A CTD unit used off ships is paired with a rosette of Niskin bottles to take
discrete water samples at precise depths for chemical water analysis.

o Other sensors — there are lots of different types of sensors in the OOI program, only a few have been described above. There
are sensors to measure the intensity of sunlight in the ocean (important in studies looking at primary productivity), the pH of sea
water (important especially to the health of shelled organisms), and there are video cameras recording changes at the seafloor
near an active volcano. Explore the OOI website to see all of the types of data that are collected in the program. In this lab we
will work with just a few to sharpen your data analysis skills. Other labs in this series will introduce you to other sensors as you
are presented with the data from the sensors.

This page titled 1.4: How are data about the ocean collected? is shared under a CC BY license and was authored, remixed, and/or curated by

Tasha Gownaris.
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1.5: How are oceanographic data displayed?

How do oceanographers display data to help them answer questions about the ocean?

Much of the data scientists collect consists of numbers, measurements of something. Deriving the meaning from large data sets can
be difficult especially if data is in a table format. You may not see the relationship between variables in a table, which is why
scientific data is plotted in different data visualizations that help to organize and display the data. Data visualizations include maps,
graphs, charts or diagrams that put data into a visual context that can make it easier to detect patterns, trends, and outliers in groups
of data. In this section, you will be introduced to various graph types that are used to interpret oceanographic data.

Tools of Science Data as a Tool
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Trends in data often are a change in some variable over space or time. Examples include the increase in water depth with increasing
distance from the beach, the increasing in temperature with decreasing distance from the oven in your kitchen, or the increase in
height as a child gets older. Patterns in data may be more complex than a simple increase or decrease in a variable (which is a
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trend). Air temperature measured over the course of a year shows a pattern of high temperatures in the summer and low
temperature in the winter. River discharge typically also has an annual pattern of high discharge in the spring due to snow melt and
lower discharge in the rest of the year or a similar pattern associated with wet (rainy) and dry seasons. Scientists may be looking at
a temporal relationship such as spawning activity of a coral and the relationship to moon cycle or time of year.

X-axis, Y-axis variables

Trends or patterns in data presented on a graph should be easy to identify. The process includes first identifying the variables.
Graphs typically have labels on the X and Y axes or scales that indicate both the variable that is plotted and the units of the
variable. If more than one variable is plotted there is often a legend that helps you figure out what each of the plotted lines means.
Sometimes a graph may have two Y-axes, with each axis representing a different variable and scale. In addition, graphs often have
a title or caption that provides even more information. Maps and charts help visualize geographical location and spatial dynamics
of the data. With maps you need to orient yourself to the location, look to see if there is land or bathymetric features and identify
the variable that is plotted by seeking out the legend.

In the interactive figure below, click on each [ to find out more information about the graph figure, and to think about what

information is missing.

https://geo.libretexts.org/@go/page/50104


https://libretexts.org/
https://geo.libretexts.org/@go/page/50104?pdf

LibreTexts*

(4
900 O Penobscot River and Bay b

o

800 ¢

~J
o
o
|
@
]

o)
o
o

95

S
|
]
-+

© River Discharge (m3/s)
S

300

200
3-Jun 5-Jun 7-lun o 9-Jun 11

Z Reuse D Rightsofuse <> Embed HP

Identifying trends or patterns

Once you have identified key information from the graphic, you then need to look for patterns in the data, these may be similarities,
differences, trends or other relationships. When identifying patterns in the data, you want to look for positive, negative and no
correlation, as well as creating best fit lines (trend lines) for given data. The best fit line often helps you identify patterns when you
have really messy, or variable data. A trend line is the line formed between a high and a low. If that line is going up, the trend is
positive or increasing and if the trend line is sloping downward, the trend is negative or decreasing. You may have data or the

trend(s) goes both up and down but on a different temporal (time) scale, such as seasons, daily, or based on tides.
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¥ Variable (units)
¥ Variable (units)

Y Variable (units)

X Variable (Units) X Variable (Units) X Variable (Units)

Positive trend Negative trend No trend

Once you have identified a pattern or trend, think about what the trend might mean by relating it to the concepts you learned in
your course about oceanography. You may be comparing multiple different variables to each other, or you may need to compare
different graphs. When comparing different graphs, be sure to pay attention to the scales, as they may be different. First, look to see
if there is a correlation between the 2 or more variables on the graph, or spatial relationship on a map. The correlation could be
direct where both variables increase and decrease together, or inverse where one variable increases and the other decreases.
Sometimes there may be a correlation based on a temporal scale, seasons for instance. Remember, correlation does not always
mean causation. A correlation indicates that there is an association between the variables, but doesn’t tell us why. Sometimes there
is a reason and sometimes it is just a coincidence.

¥ Variable (units)
¥ Variable (units)
Y Variable (units)

X Variable (Units) X Variable (Units) winter Spring summer Fall Winter
Inverse Correlation Direct Correlation Seasonal Inverse
Correlation

Simple graph diagram examples of Inverse, Direct and Seasonal Inverse Correlations of two generic variables. Remember that real
data is sometimes messy, so graphs are not always this simple to interpret, however, this provides you with general patterns.

Variability

Real data can sometimes be very messy. It often shows a trend that looks messy because of natural variability. What causes
variability? It can be any number of things, for example, in the ocean water movement can have multiple sources. So there may be
a wind driven current in one direction that when plotted shows variability, oscillations back and forth every 12 hours. These
oscillations are due to the tide. If you were to plot the distance traveled by a floating object in the water you would see a gradual
movement in the direction of the wind driven current with some sloshing back and forth. Analyzing such data requires identifying

the trend and the variability, in this case the tidal oscillations.
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Reading a Time Series Graph

Time series plots are often used to show daily, seasonal and interannual changes in some property. You have probably experienced
daily and seasonal changes in temperature. There are daily and seasonal changes in temperature in the ocean, too, though they are
not as extreme as those experienced on land. For example, the lowest recorded temperature on land is -88°C (-126°F) and the
highest is 58°C (136°F). Compare that to the temperature range in the ocean, -1°C (30.2°F) to 30°C (86°F). As we will learn later,
these differences have implications for how well land versus ocean animals can adapt to temperature changes.

We will use data from Oceanographic Observatories Initiative Coastal Pioneer Array, near the edge of the U.S. east coast
continental shelf, as an example of time series data.

30 Coastal Pioneer Array - Offshore Surface Mooring
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Air temperature in 2018 at the Coastal Pioneer array.

Sometimes it is easier to look at long term data by taking averages, for example it is often useful to average temperature data over a
24 hour period to remove the temperature change that occurs between day and night. For other studies an average of all the data
collected during a month may be appropriate. The graph below shows the same data set examined in the graph above, but the data
points are monthly averages of temperature. The temporal (time) scale at which you average your data - minutes, days, months,
years - will depend on the scientific question of interest. Sometimes, the variability in your data is the interesting part!

25 Coastal Ploneer Array Offshore Surface Moonng
Y
,ﬁ 5 .
/ ‘ﬂ‘
o 20 L \ -
2 ”
o
515+ ? |
‘5 _Q ."\
L & i
E 10 -
< 5l o = ]
0 L B - i i 4 B + - - 1 i

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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https://geo.libretexts.org/@go/page/50104


https://libretexts.org/
https://geo.libretexts.org/@go/page/50104?pdf

LibreTexts"

When scientists want to compare two different types of measurements over time they can plot them on the same graph, but have to
use different y-axes. Examine the graph below, which shows the surface water temperature data and surface salinity data at this
location. Note that the temperature data are plotted relative to the y-axis on the LEFT, while the salinity data are plotted relative to
the y-axis on the RIGHT. The units given for salinity are PSU. This stands for practical salinity units.

Coastal Pioneer Array - Offshore Surface Mooring
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Bathymetric Charts

As we will learn in the next chapter, the ocean’s floor contains a vast array of shapes and textures formed over millions of years of
geologic processes. These different seafloor formations provide habitat for marine species and sometimes contain valuable
resources, such as oil and natural gas. Scientists and industry professionals use detailed bathymetric maps or charts to explore
seafloor habitat and resources. Bathymetry is the word used to describe how ocean depth varies across an oceanscape, similar to the
word topography used to describe changes in height across a landscape.

Let's explore some bathymetric charts for the Gulf of Mexico.

The Texas-Louisiana continental shelf has many active oil wells due to the interesting geology of this region. The oil in the rocks
tends to accumulate around circular shaped features called salt domes. These features form when salt that is buried deeply in the
shelf sedimentary rocks rises toward the surface, as a chimney shaped feature. In rising the salt deforms the surrounding rocks, and

sometimes the sea floor, pushing it up into domes. One such salt dome is the East Flower Garden Bank, within the Flower Garden
Banks National Marine Sanctuary (labeled EFGB on the figure below).
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Now let's look at the bathymetry of this region. The three maps below are all showing the same data, but in a slightly different
format - increasing in detail from left to right. They all show the bathymetry of the East Flower Garden Bank - we will talk more
about longitude and latitude soon, but for now notice that the figure above has a much wider range of latitudes than the figures
below, as the figures below are "zoomed in" to the area around 27° N, where the East Flower Garden Bank is located.
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The figure on the left is a contour map. Each line on the contour map outlines an area of the seafloor that is a certain depth below
the surface of the water. Locate the contour line labeled “60” and trace your mouse or eye around it. Everything on that path has a
depth of 60 meters. The figure in the middle is the same contour map, now just filled in with colors to showcase the differences in
depth. The figure on the right shows a representation of bathymetry called a shaded relief map. In this case, there are no contour
lines and change in depth is represented only by the color scale. Additionally, some parts of the map contain shadows as if light
shone onto the Bank from an angle. The shadows help highlight small seafloor features and abrupt changes in depth.
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Estimate the depth of the seafloor at 27° 56’ N, 93° 37 W. Remember that the depth changes continuously between contours.

Answer

The depth at this location is approximately 60 m.

? Exercise 1.5.2

What is the deepest depth in this region?

Answer

The deepest depth is approximately 120 m.

? Exercise 1.5.3

What information can you use to tell when the ocean floor is steepest?

Answer

When the color changes abruptly/contour lines are closest together.

Reading Station Profiles

The Structure of Ocean Water

Although ocean water looks much the same wherever you go, once you start to measure properties such as salinity and temperature
you would see that there are considerable differences. A standard type of graph used to examine some of these differences is called
a station or depth profile. Typically these are graphs showing a data type, such as temperature, salinity, or something else, plotted
against the depth of the water. Oceanographers make these graphs because many of the properties of seawater change with depth.

Temperature is one property that does just this. Temperature often decreases as depth increases since the source of the heat is the
sun. Sunlight is quickly absorbed in the upper layers of water resulting in higher temperatures there than in deeper water. To make a
station profile for temperature you take all the temperature data collected at one oceanographic station. This would be a place
where the research vessel stopped and lowered a temperature measuring device (one of the sensors on a CTD, which stands for
Conductivity, Temperature, Depth) into the water, and collected data as the instrument was lowered to the sea floor. A station
profile plot shows the way that temperature varies with increasing depth. Typically station profiles are plotted with depth increasing
down on the y-axis and the property of interest is plotted on the x-axis. This convention, plotting with depth increasing down, is
used because it makes it easier to picture the distribution of the property in the ocean, where depth does increase in the downward
direction.

What can oceanographers learn from temperature data? Just as there are heat waves on the surface of the Earth, there are heat
waves in the ocean. One such oceanic heat wave occurred from 2013 to 2015. During this time there was a huge pool of warm
water in the Pacific, nicknamed The Blob by the office of the Washington State Climatologist. The figure below shows the
difference in sea surface temperature between “normal” times and the time when The Blob was present in the North Pacific. The
huge area covered in red shows the location of the anomalously warm water. This feature was not just interesting to those who
study ocean temperature. The high temperatures of this water impacted the weather along the west coast of the U.S. and adversely
impacted marine life because it was missing some of the chemicals necessary for the marine algae called phytoplankton. In the
activity below you will work with a type of graph called a station profile. This kind of data in The Blob helped oceanographers

figure out the depth of the warm water and how much heat it contained.
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Sea surface temperature anomaly (the difference between normal and observed temperatures) in September 2014 (Courtesy: NOAA
Fisheries)

Station Profiles Exploration

The map above shows the surface area of The Blob. But how deep is this anomalously warm water? A plot showing the
temperature of the water with depth, called a station profile, can be used to answer this question, especially if we compare a station
profile from a “normal” time to one from The Blob.

The station profile below (Figure 2.4.2) shows the temperature in the North Pacific at a time before The Blob developed. It shows a
few things that are often present in station profiles, a surface mixed layer, a depth range where the temperature undergoes
significant change (called the thermocline) and a deeper layer with either uniformly cold water or very small changes in
temperature with increasing depth. The surface mixed layer often is mixed due to the action of currents and waves, although in
some places and seasons mixing may occur due to heat being removed from the surface water. The result would be that the water
would become colder, and therefore more dense so it would sink. But regardless of the cause of the mixing, the surface mixed layer

is easy to identify because of its uniform temperature.
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We can look at a profile from 2014, when the warm surface water of The Blob was present, and answer the same questions.
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To see the effect of The Blob on the waters in the North Pacific it is useful to examine both profiles on the same set of axes, as
shown below (Figure 2.4.4).
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We will make much more use of station/depth profiles later in the class, as we explore other ocean variables (salinity, oxygen) and
how they vary across space and time. But before we finish up, let's talk about how we can combine station profiles to make one
useful graph that shows variation at multiple locations.
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Combining Station Profiles

Station profiles are very effective for looking at data from a single location. But when you are interested in looking at how a
property changes with distance from shore or across the ocean they become less useful. They certainly contain a lot of information
but it is difficult for a person to examine a lot of station profiles and make sense of patterns in the data. For this reason
oceanographers have developed a different way of displaying data from lots of station profiles. This tool is called a vertical section.
Vertical sections are a graphical way of showing how a property of the water changes in both the vertical and horizontal direction.
This is done by contouring the data on a “vertical slice” of the ocean.

The sequence of figures below shows how contouring of vertical sections can be used to reveal patterns in the data.
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Vertical sections show changes in a property (such as temperature in the one below) by using either color coding or contour lines,
or both. So they are similar to contoured or color coded bathymetry maps, but they use color to show the value of some property (in
this case temperature) other than water depth. Look at the figure. Note how the sea surface is at the top, and water depth increases
as you go down. Horizontal distance is on the x-axis. So the figure essentially represents a vertical wall of water, as if the ocean
were sliced top to bottom and one side of the slice is shown. Vertical sections use contouring to map the changes in a property on
this vertical surface. The figure below shows a slice of temperature at the edge of the continental shelf.

Let's try to solidify your understanding with some practice. Points A and B below represent a single location, a "slice" from our
vertical section.
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Let's watch a brief video of how to turn this into a single station profile.
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? Exercise 1.5.4

Imagine that we collected a station profile at location A. Draw a station profile graph with depth on the y-axis and temperature
on the x-axis.

Answer
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This page titled 1.5: How are oceanographic data displayed? is shared under a not declared license and was authored, remixed, and/or curated by
Tasha Gownaris.
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CHAPTER OVERVIEW

2: Plate Tectonics and Ocean Bathymetry

@b Learning Objectives

After reading this chapter, you should be able to:

o explain the concept of latitude and longitude and identify locations on a map

o understand the difference between bathymetry and topography and describe how bathymetry is measured

o know Wegener’s original evidence for “continental drift”

o understand how paleomagnetic evidence supports the theory of plate movement

o know the different ways that tectonic plates can interact with each other, and the various geological features that result from
these interactions.

o know the differences between passive and active continental margins

o be able to define geological features such as seamounts, guyots, hot spots, and hydrothermal vents

The Earth's crust, a feature you will soon learn about, is broken up into about a dozen major plates that constantly move past each
other, reshaping the surface of the Earth through the process of plate tectonics. Plate tectonics is a model that explains the origins of
continents and oceans, folded rocks and mountain ranges, earthquakes and volcanoes, and continental drift. Plate tectonics was first
proposed just over 100 years ago, but did not become an accepted part of geology until about 50 years ago. This chapter will
examine the evidence for plate tectonics and the mechanism by which it works.

It will then discuss how these plate movements result in ocean (and land) features, as well as natural disasters.

2.1: Spatial Data in the Oceans- Bathymetry, Latitude, and Longitude
2.2: A Brief Overview of Earth's Structure

2.3: Alfred Wegener and the Theory of Plate Tectonics

2.4: Types of Plate Boundaries and the Features they Create

2.5: Seamounts, Hot Spots, and Hydrothermal Vents

2.6: Practice- Identify the Ocean Features!

2.7: Earthquakes and Plate Tectonics

This page titled 2: Plate Tectonics and Ocean Bathymetry is shared under a not declared license and was authored, remixed, and/or curated by
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https://libretexts.org/
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry/2.01%3A_Spatial_Data_in_the_Oceans-_Bathymetry_Latitude_and_Longitude
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry/2.02%3A_A_Brief_Overview_of_Earth's_Structure
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry/2.03%3A_Alfred_Wegener_and_the_Theory_of_Plate_Tectonics
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry/2.04%3A_Types_of_Plate_Boundaries_and_the_Features_they_Create
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry/2.05%3A_Seamounts_Hot_Spots_and_Hydrothermal_Vents
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry/2.06%3A_Practice-_Identify_the_Ocean_Features
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry/2.07%3A_Earthquakes_and_Plate_Tectonics
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry?no-cache
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry?no-cache
https://rwu.pressbooks.pub/webboceanography

LibreTextS"

2.1: Spatial Data in the Oceans- Bathymetry, Latitude, and Longitude

People have been navigating the oceans for thousands of years, for exploration, travel, acquiring food, and transporting goods. To
do so requires some form of map and the ability to tell direction. Therefore, various systems of navigation have been around for
centuries.

Early Pacific Islanders used stick charts, where shells indicated islands, and bent sticks represented wave and current patterns
around the islands (Figure 2.1.2).

Figure 2.1.1: A Micronesian navigational chart from the Marshall Islands, made of wood, sennit fiber and cowrie shells (By
Cullen328 — Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/inde...curid=46844500).

The first Western civilization known to have developed navigation at sea were the Phoenicians, about 4,000 years ago (c. 2000
B.C.E.). Phoenician sailors accomplished navigation by using primitive charts and observations of the sun and stars to determine
directions. They explored the Mediterranean and Red Seas, and even circumnavigated Africa in 590 B.C.E.

Ptolemy was a Greek-Egyptian writer, mathematician and scientist living in Alexandria, Egypt. He produced maps of the known
world in around 150 AD, including the locations of major cities, and the first known use of lines of latitude and longitude (Figure
2.1.2). This early coordinate system forms the basis of geolocation techniques still in use today.
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Figure 2.1.2: A 15th century world map based on Ptolemy’s Geography (Public domain via Wikimedia Commons).

Before we learn more about the ocean's features, and the processes that shape them, let's go over a few key terms used to describe
the ocean in both horizontal and vertical space.

Latitude and Longitude

We use our cell phones or our car’s navigation system for directions to an address, but how does the phone know its location? What
if we are out on the ocean where there are no roads or street signs, how do oceanographers know where we are on the vast blue
ocean with no land in sight? Global positioning systems, otherwise known as GPS, are used to find locations on Earth from
satellites. Multiple satellites are used to triangulate our position using a grid system overlaid onto the surface of the Earth called
Latitude and Longitude.

Any point on Earth can be defined by the intersection of its lines of latitude and longitude. Latitude is measured as the angle from
the equator, to the Earth’s center, to your position on the Earth’s surface (Figure 2.1.3). It is expressed as degrees north or south of
the equator (0°), with the poles at a latitude of 90°. Thus the poles are referred to as high latitude, while the equatorial region is
considered low latitude. Lines of equal latitude are always the same distance apart, and so they are called parallels of latitude; they
never converge. However, the parallels of latitude do get shorter as they approach the poles.

Figure 2.1.3 The latitude of a point on the Earth’s surface is determined by the angle (g) between the point
and the equator, passing through Earth’s center (Peter Mercator [Public domain], via Wikimedia

Commons).
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One degree of latitude is divided into 60 minutes (‘). One minute of latitude equals one nautical mile, which is equal to 1.15 land
miles (1.85 km). Each minute of latitude is further divided into 60 seconds (“). So traditionally, positions have been expressed as
degrees/minutes/seconds, e.g. 36° 15' 32" N. However, with modern digital technology, positions are increasingly expressed as
decimals, such as 36° 15.25 N’, or 36.2597° N.

Longitude measures the distance east or west of an imaginary reference point, the prime meridian (0°), which is now defined as
the line passing through Greenwich, England (although throughout history the prime meridian has also been located in Rome,
Copenhagen, Paris, Philadelphia, the Canary Islands, and Jerusalem; unlike the equator, the prime meridian’s location is fairly
arbitrary). Your longitude represents the angle east or west between your location, the center of the Earth, and the prime meridian
(Figure 2.1.4).

Figure 2.1.4 Longitude is determined as the angle (A) between the prime meridian and your position (Peter Mercator [Public
domain], via Wikimedia Commons).

As you move east and west from the prime meridian, eventually you reach 180° E and W on the opposite side of the globe from
Greenwich. This point is the International Date Line. Lines of longitude are called meridians of longitude, or great circles. All
circles of longitude are the same length, and are not parallel like lines of latitude; they converge as they near the poles. Therefore,
while one minute of latitude always equals one nautical mile, the length of one minute of longitude will decline from the equator to
to poles, where it will ultimately decline to zero.

Using the figure below, click on the | to help review some of these terms in the context of a figure.
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Today we use GPS (Global Positioning System) technology to determine latitude and longitude, and even the smallest smart
phones and smart watches can use GPS to calculate position. GPS works through a system of orbiting satellites that constantly emit
signals containing the time and their position. A GPS receiver receives these signals from multiple satellites, and triangulates the
signals to calculate position. The system needs 24 satellites to be functional at one time; as of 2015, the system consisted of about
32 operational satellites, able to give a position with an accuracy of 9 meters (30 feet) or less.

Review your knowledge by dragging and dropping in the interactive figure below.
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Ocean Bathymetry
Now we know a bit about how to characterize where we are in the ocean, but we've only scratched the surface (quite literally!) Did
you know that the ocean contains the world's tallest mountain (Mauna Kea)? And, at its deepest depth, the ocean is deeper than Mt.
Everest is tall - if you were to place Mt. Everest at the bottom of the Mariana Trench, the mountain’s peak would still be over a mile
under the ocean's surface. In the ocean, we call differences in depth bathymetry. See the figure below to understand the difference
between topography and bathymetry (Figure 2.1.5).

|
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Figure 2.1.5) Topography is used to describe land elevation, while bathymetry is used to describe ocean depth. Topography and
Bathymetry by Jono Hey, Sketchplanations is licensed under CC-BY-NC 4.0.

To map the ocean floor we need to know the depth at a number of places. These measurements were first made through soundings,
where a weighted line (lead line) was let out by hand until it touched the bottom, and the depth could be recorded from the length
of the line (Figure 2.1.6). This technique led to the fathom as a unit of depth; as sailors hauled in the sounding line they would
stretch it out to cover their arm span. The average arm span of a sailor was about six feet, so one fathom equals six feet, and the

sailors could simply count the number of “arm spans” as they pulled in the line.
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Figure
2.1.6

)
Lead line survey from a catamaran hull in Alaska, 1942 (

http://celebrating200years.noaa.gov/...hy/image7.html
).

This technique had a number of drawbacks, and was usually limited to shallower water. It was very time consuming, and only gave
depth data for a single point, so many individual soundings were needed to map an area. It could also be error-prone; in deep water
it could be difficult to determine when the weight hit the bottom as the weight of the line itself could cause the line to keep sinking,
and currents could deflect the line away from vertical, thus overestimating the depth. In later years, winches and heavy steel cables
were used for deeper water, but this did not solve all of the problems inherent in the sounding method, and also added the constraint
of excessive weight of the equipment.

In the 19th century, a number of modifications were made to this simple design. In 1802 the British clockmaker Edward Massey
invented a mechanical device that was attached to the sounding line; as the device sank, a rotor turned a dial which locked in place
when the line hit bottom (Figure 2.1.7). The line could then be reeled in and the depth read from the dial. In 1853 American sailor
John Mercer Brooke developed a cannonball weight attached to a twine reel. The cannonball was dropped over the side and
allowed to free-fall to the bottom; by timing the fall rate (the rate at which the twine unspooled) and noting when the rate changed
as the cannonball hit the bottom, the water depth could be calculated. When it hit bottom, the cannonball was released and the line
could be hauled back in, bringing with it a sample of mud in the iron bar that held the cannonball, thus confirming that the bottom

had been reached.
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Figure 2.1.7 Massey’s sounding machine (Public domain, via Wikimedia Commons).

After the Titanic disaster in 1912, there was an effort to develop better methods of detecting icebergs from a ship. This led to the
development of sonar (SOund Navigation And Ranging) technology, which was soon applied to mapping bathymetry. A sonar
device called an echosounder sends out a pulse of sound, then listens for the returning echo. The timing of the returning echo is
used to calculate depth. We know that the speed of sound in water is approximately 1500 m/s. Since the returning echo traveled to
the bottom and back, the water depth corresponds to half the time it takes for an echo to return, multiplied by the speed of sound in
water (Figure 2.1.8):

depth=1/2*(two-way travel time)*(speed of sound in water)
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Figure 2.1.8 Measuring depth using an echosounder (Public domain via Wikimedia Commons).

Echosounders allowed a fast, continuous record of bathymetry under a moving ship. However, they only give the depth directly

under a ship’s path. Today, high resolution seafloor maps are made through multibeam or side scan sonar, either from a ship or
from a towed transmitter (Figure 2.1.9). Multibeam sonar produces a fan-shaped acoustic field allowing a much a wider area (>10

km wide) to be mapped simultaneously.

Figure 2.1.9 Multibeam sonar (NOAA).

Large-scale mapping of the ocean floor is also carried out by satellites (originally SEASAT, then GEOSAT, now the Jason

satellites) which use radio waves to measure the height of the sea surface (radar altimetry). The sea surface is not flat; gravity

causes it to be slightly higher over elevated features on the ocean floor, and slightly lower over trenches and other depressions.

Satellites send out radio waves, and similar to an echosounder, can use the returning waves to detect differences in sea surface
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height down to 3-6 cm (Figure 2.1.10). These differences in sea surface heights allow us to determine the topography under the
surface. Unlike the old lead line technology, where hundreds of soundings were necessary to map a small area, each taking an hour
or more to complete, the current satellites can map over 90% of Earth’s ice-free sea surface every 10 days!

GEOSAT

L L— -——
—— - _——
o A -~

R P
*

Figure 2.1.10 Radar altimetry (left) and a map of the seafloor produced by radar altimetry satellites (right) (NOAA).

This page titled 2.1: Spatial Data in the Oceans- Bathymetry, Latitude, and Longitude is shared under a not declared license and was authored,
remixed, and/or curated by Tasha Gownaris.

e 2.1: Prelude has no license indicated.
o 2.2: Latitude and Longitude by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
o 1.4: Mapping the Seafloor by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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2.2: A Brief Overview of Earth's Structure

The Earth is composed of layers of different composition and increasing density as you move from the surface to the center (Figure
2.2.1).

Asthenosphere
S Rigid mantle

Crust A
Continental crust (qzaBitic) e a rt h

Oceanic crust (basaﬁi(ﬂ'ﬁf’ e 4

.
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: - Atmosphere
Continent — . Hydrosphere
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Figure 2.2.1 Interior structure of Earth (By Kelvinsong (Own work) [CC BY-SA 3.0], via Wikimedia Commons).
The traditional view based on chemical composition recognizes four distinct layers:

The inner core lies at the center of the Earth, and is about 1200 km thick. It is composed primarily of iron alloys and nickel, with
about 10% comprised of oxygen, sulfur or hydrogen. The temperature in the inner core is about 6000 °C (10,800 °F), which is
roughly the temperature of the surface of the sun (section 3.1 explains the sources of this intense heat). Despite the high
temperature that should melt these metals, the extreme pressure (from literally the weight of the world) keeps the inner core in the
solid phase. The solid metals also make the inner core very dense, at about 17 g/cm?, giving the inner core about one-third of the
Earth’s total mass.

The outer core sits outside of the inner core. It has the same composition as the inner core, but it exists as a fluid, rather than a
solid. The temperature is 4000-6000 °C, and the metals remain in the liquid state because the pressure is not as great as in the inner
core. It is the movement of the fluid iron in the outer core that creates Earth’s magnetic field (see section 4.2). The outer core is
2300 km thick, and has a density of 12 g/cm3.

The mantle extends from the outer core to just under Earth’s surface. It is 2900 km thick, and contains about 80% of the Earth’s
volume. The mantle consists of iron and magnesium silicates and magnesium oxides, so it is more similar to the rocks of Earth’s
surface than to the materials in the core. The mantle has a density of 4.5 g/cm?, and temperatures in the range of 1000-1500 °C. The
uppermost layer of the mantle is more rigid, while the deeper regions are fluid, and it is the motion of fluid materials in the mantle
that is responsible for plate tectonics (see section 4.3). Magma that rises to the surface through volcanoes originates in the mantle.

The outermost layer is the crust, which forms the solid, rocky surface of the Earth. The crust averages 15-20 km thick, but in some
places, such as under mountains, the crust can reach thicknesses of up to 100 km. There are two main types of crust; continental
crust and oceanic crust that differ in a number of ways. Continental crust is thicker than oceanic crust, averaging 20-70 km thick,
compared to 5-10 km for oceanic crust. Continental crust is less dense than oceanic crust (2.7 g/cm3 vs. 3 g/cm3), and it is much
older. The oldest rocks in continental crust are about 4.4 billion years old, while the oldest oceanic crust only goes back about 180
million years. Finally, the two types of crust differ in their composition. Continental crust is made largely of granite. This is
because underground or surface magmas can cool slowly, which allows time for crystal structures to form before the rocks solidify,
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which leads to granite. Oceanic crust is mostly composed of basalts. Basalts also form from cooling magmas, but they cool in the
presence of water, which makes them cool much faster and does not allow time for crystals to form.

Based on physical characteristics, we can also divide the outermost layers of Earth into the lithosphere and asthenosphere. The
lithosphere consists of the crust and the cool, rigid, outer 80-100 km of the mantle. The crust and outer mantle moves together as a
unit, so they are combined together into the lithosphere. The asthenosphere lies below the lithosphere, from about 100-200 km to
about 670 km deep. It includes the more “plastic” softer region of the mantle, where fluid movements can occur. The solid
lithosphere is thus floating on the fluid asthenosphere.

Isostasy

To help explain how the lithosphere is floating on the asthenosphere, we need to examine the concept of isestasy. Isostasy refers to
the way a solid will float on a fluid. The relationship between the crust and the mantle is illustrated in Figure 2.2.2. On the right is
an example of a non-isostatic relationship between a raft and solid concrete. It’s possible to load the raft up with lots of people, and
it still won’t sink into the concrete. On the left, the relationship is an isostatic one between two different rafts and a swimming pool
full of peanut butter. With only one person on board, the raft floats high in the peanut butter, but with three people, it sinks
dangerously low. We’re using peanut butter here, rather than water, because its viscosity more closely represents the relationship
between the crust and the mantle. Although it has about the same density as water, peanut butter is much more viscous (stiff), and
so although the three-person raft will sink into the peanut butter, it will do so quite slowly.

Figure 2.2.2 Demonstrating isostasy (Steven Earle, “Physical Geology”).

The relationship of Earth’s crust to the mantle is similar to the relationship of the rafts to the peanut butter. The raft with one person
on it floats comfortably high. Even with three people on it the raft is less dense than the peanut butter, so it floats, but it floats
uncomfortably low for those three people. The crust, with an average density of around 2.6 grams per cubic centimeter (g/cm?), is
less dense than the mantle (average density of approximately 3.4 g/cm3 near the surface, but more than that at depth), and so it is
floating on the “plastic” mantle. When more weight is added to the crust, through the process of mountain building, it slowly sinks
deeper into the mantle and the mantle material that was there is pushed aside (Figure 2.2.3, left). When that weight is removed by
erosion over tens of millions of years, the crust rebounds and the mantle rock flows back (Figure 2.2.3, right).

fde Aa

Figure 2.2.3 Isostatic rebound when mass is removed from the crust (Steven Earle, “Physical Geology”).
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The crust and mantle respond in a similar way to glaciation. Thick accumulations of glacial ice add weight to the crust, and as the
mantle beneath is squeezed to the sides, the crust subsides. When the ice eventually melts, the crust and mantle will slowly
rebound, but full rebound will likely take more than 10,000 years. Large parts of Canada are still rebounding as a result of the loss
of glacial ice over the past 12,000 years, and as shown in Figure 2.2.4, other parts of the world are also experiencing isostatic
rebound. The highest rate of uplift is in within a large area to the west of Hudson Bay, which is where the Laurentide Ice Sheet was
the thickest (over 3,000 m). Ice finally left this region around 8,000 years ago, and the crust is currently rebounding at a rate of
nearly 2 cm/year.

i 0 6 12 18 mm/y

Figure 2.2.4 Global rates of isostatic adjustment (Steven Earle, “Physical Geology™).

Since continental crust is thicker than oceanic crust, it will float higher and extend deeper into the mantle than oceanic crust. Crust
is thickest where there are mountains, so the Moho will be deeper under mountains than under the oceanic crust. Since oceanic
crust is also denser than continental crust, it floats lower on the mantle. Since the oceanic crust lies lower than the continental crust,
and since water flows downhill to reach the lowest point, this explains why water has accumulated over the oceanic crust to form
the oceans.

Continema,

Cf'Ust

Mantle

Figure 2.2.5 Thinner, denser oceanic crust floats lower on the mantle than thicker, less dense continental crust (Steven Earle,
“Physical Geology™).
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*”Physical Geology” by Steven Earle used under a CC-BY 4.0 international license. Download this book for free at
http://open.bccampus.ca

This page titled 2.2: A Brief Overview of Earth's Structure is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by
Tasha Gownaris via source content that was edited to the style and standards of the LibreTexts platform.

e 3.2: Structure of Earth by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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2.3: Alfred Wegener and the Theory of Plate Tectonics

If you look at a map of Earth, you may notice that some of the continents seem to fit together. An early reference to this
phenomenon came from Francis Bacon in the 17th century, who noticed the similarities in the Atlantic coasts of Africa, and North
and South America. This apparent fit is due to the fact the continents were once connected, and have since moved apart in what has
been called continental drift. However, we now know that it is not just the continents that move, so a more correct term is plate
tectonics. We can credit Alfred Wegener (Figure 2.3.1) as the originator of this idea.

Figure 2.3.1 Prof. Dr. Alfred Wegener, ca. 1924-1930 (Public domain, via Wikimedia Commons).

Alfred Wegener (1880-1930) earned a PhD in astronomy at the University of Berlin in 1904, but he had always been interested in
geophysics and meteorology and spent most of his academic career working in meteorology. In 1911 he happened on a scientific
publication that included a description of the existence of matching Permian-aged terrestrial fossils in various parts of South
America, Africa, India, Antarctica, and Australia (Figure 2.3.2). Wegener concluded that this distribution of fossils could only exist
if these continents were joined together. Furthermore, some of these transcontinental areas have similar fossils until around 150
million years ago, then they begin to diverge, suggesting that the areas eventually separated and speciation took different paths on
the separate continents. Wegener coined the term Pangaea (“all land”) for the supercontinent from which all of the present-day
continents diverged.
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Figure 2.3.2 Distribution of similar fossils across the continents, suggesting they were once connected into a single supercontinent
(Steven Earle, “Physical Geology™).

Wegener pursued his theory with determination — combing the libraries, consulting with colleagues, and making observations —

looking for evidence to support it. In addition to the fit of the continents and the fossil evidence, Wegener relied heavily on
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matching geological patterns across oceans, such as sedimentary strata in South America matching those in Africa (Figure 2.3.3),
North American coalfields matching those in Europe, and the mountains of Atlantic Canada matching those of northern Britain
both in morphology and rock type.

Figure 2.3.3 Matching geological formations spanning from South America to Africa (By Woudloper — Own work, [CC BY-SA
3.0], via Wikimedia Commons).

Wegener also referred to the evidence for the Carboniferous and Permian (~300 Ma) Karoo Glaciation in South America, Africa,
India, Antarctica, and Australia (Figure 2.3.4). These areas contain evidence of past glacial deposits, including glacial scars oriented
away from the poles, despite the fact that some of these locations are now tropical environments. This indicates that these
continents were once closer to the south pole where the glaciers could have formed. Wegener argued that this could only have
happened if these continents were once all connected as a single supercontinent. He also cited evidence (based on his own
astronomical observations) that showed that the continents were moving with respect to each other, and determined a separation
rate between Greenland and Scandinavia of 11 m per year, although he admitted that the measurements were not accurate. In fact
they weren’t even close — the separation rate is actually about 2.5 cm per year!

Figure 2.3.4 Extent of glaciation (shaded area) on Pangaea (Modified by PW from Steven Earle, “Physical Geology”).
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Wegener first published his ideas in 1912 in a short book called Die Entstehung der Kontinente (The Origin of Continents), and
then in 1915 in Die Entstehung der Kontinente und Ozeane (The Origin of Continents and Oceans). He revised this book several
times up to 1929, and it was translated into French, English, Spanish, and Russian. It took 50 years for this theory to become
accepted for a few reasons. First, it was a true revolution in thinking about Earth, which was difficult for many established
geologists. Second, there was a political gulf between the main proponent of the theory Alfred Wegener (from Germany) and the
geological establishment of the day, which was mostly centered in Britain and the United States. Third, the evidence and
understanding of Earth that would have supported plate tectonic theory simply didn’t exist until the middle of the 20th
century. Wegener could not conceive of a good mechanism for moving the continents around. Wegener proposed that the continents
were like icebergs floating on heavier crust, but the only forces that he could invoke to propel continents around were poleflucht,
the effect of Earth’s rotation pushing objects toward the equator, and the lunar and solar tidal forces, which tend to push objects
toward the west. It was quickly shown that these forces were far too weak to move continents.

Alfred Wegener died in Greenland in 1930 while carrying out studies related to glaciation and climate. At the time of his death, his
ideas were tentatively accepted by only a small minority of geologists, and soundly rejected by most. However, within a few
decades that was all to change.

Mechanisms for Plate Motion

One of the reasons that Wegener’s ideas of continental drift were initially rejected by the scientific community was that he could
not provide a plausible mechanism for plate motion. However, with all that we have learned about the processes occurring in the
Earth’s interior since then, there is still some debate about the actual forces that make the plates move. One side in the argument
holds that the plates are only moved by the traction caused by mantle convection. The other side holds that traction plays only a
minor role and that two other forces, ridge push and slab pull, are more important. Some argue that the real answer lies somewhere
in between.

To understand mantle convection, imagine a pot of water on a hot stove. The water at the bottom of the pot near the heat source
becomes hot and expands, making it lighter (less dense) than the water above. The hot, low density water rises, and cooler, denser
water sinks and flows in from the sides. This water then gets heated and rises, and the cycle continues. This creates a circular
pattern of rising and sinking water called a convection cell. (To test this, try sprinkling a few flakes of spice in the center of a
rapidly boiling pot of water. The flakes will move outwards to the edge of the pot as warmer water rises and pushes them aside).

Heat is continuously flowing outward from Earth’s interior, and the transfer of heat from the core to the mantle causes convection
in the mantle (Figure 2.3.5). Even though the mantle material is essentially solid rock, it is sufficiently plastic (fluid) to slowly flow
(at rates of centimeters per year) as long as a steady force is applied to it. This convection is a driving force for the movement of
tectonic plates, as the horizontal movements of mantle under the crust drag the plates with them. At places where convection
currents in the mantle are moving upward, new lithosphere forms and the plates move apart (diverge). Where two plates are
converging (and the convective flow is downward), one plate will be subducted (pushed down) into the mantle beneath the other.
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Figure 2.3.5 Convection cells in the mantle (By Surachit [GFDL (http://www.gnu.org/copyleft/fdl.html) or CC BY-SA 3.0], via
Wikimedia Commons).

The ridge push/slab pull model also relies on mantle convection, but in this case it is not simply the traction from the convection
cell that moves the plates. In this model, plates move through a combination of pull from the weight of the subducting edge of the
plates, and through the outward pushing of an ocean ridge where magma is rising and forming new crust (Figure 2.3.7).

= ridge push =

Figure 2.3.7 Models for plate motion mechanisms (Steven Earle, “Physical Geology”).

Some compelling arguments in favor of the ridge-push/slab-pull model are as follows: (a) plates that are attached to subducting
slabs (e.g., Pacific, Australian, and Nazca Plates) move the fastest, and plates that are not (e.g., North American, South American,
Eurasian, and African Plates) move significantly slower; (b) in order for the traction model to apply, the mantle would have to be
moving about five times faster than the plates are moving (because the coupling between the partially liquid asthenosphere and the
plates is not strong), and such high rates of convection are not supported by geophysical models; and (c) although large plates have
potential for much higher convection traction, plate velocity is not related to plate area. Although ridge-push/slab-pull is the
favored mechanism for plate motion, it’s important not to underestimate the role of mantle convection. Without convection, there
would be no ridges to push from because upward convection brings hot buoyant rock to surface. Furthermore, many plates,
including our own North American Plate, move along nicely — albeit slowly — without any slab-pull happening.

https://geo.libretexts.org/@go/page/49884



https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49884?pdf
http://www.gnu.org/copyleft/fdl.html

LibreTextS"

Plates and Plate Motions

The idea of plate tectonics became widely accepted around 1965 as more and more geologists started thinking in these terms. By
the end of 1967, Earth’s surface had been mapped into a series of plates (Figure 2.3.8). The major plates are Eurasia, Pacific, India,
Australia, North America, South America, Africa, and Antarctic. There are also numerous small plates (e.g., Juan de Fuca, Nazca,
Scotia, Philippine, Caribbean), and many very small plates or sub-plates. For example the Juan de Fuca Plate is actually three
separate plates (Gorda, Juan de Fuca, and Explorer) that all move in the same general direction but at slightly different rates.

The fact that the plates include both crustal material and lithospheric mantle material makes it possible for a single plate to be made
up of both oceanic and continental crust. For example, the North American Plate includes most of North America, plus half of the
northern Atlantic Ocean. Similarly the South American Plate extends across the western part of the southern Atlantic Ocean, while
the European and African plates each include part of the eastern Atlantic Ocean. The Pacific Plate is almost entirely oceanic, but it
does include the part of California west of the San Andreas Fault.

Rates of motions of the major plates range from less than 1 cm/year to over 10 cm/year (for comparison, human fingernails grow at
around 6 cm/year). The Pacific Plate is the fastest at over 10 cm/year in some areas, followed by the Australian and Nazca Plates.
The North American Plate is one of the slowest, averaging around 1 cm/year in the south up to almost 4 cm/year in the north. Plates
move as rigid bodies, so it may seem surprising that the North American Plate can be moving at different rates in different places.
The explanation is that plates move in a rotational manner. The North American Plate, for example, rotates counter-clockwise; the
Eurasian Plate rotates clockwise.

() Juan de Fuca 2
Filipino

plate

Pine Mgn_::.uuj\l

Figure 2.3.8 The major lithospheric plates of Earth. Arrows indicate direction of plate movement, and the length of the arrows
represent the speed of plate motion (Steven Earle, “Physical Geology”).

As originally described by Wegener in 1915, the present continents were once all part of the supercontinent Pangaea. More recent
studies of continental match-ups and the magnetic ages of ocean-floor rocks have enabled us to reconstruct the history of the break-
up of Pangaea.

Pangaea began to rift apart along a line between Africa and Asia and between North America and South America at around 200 Ma
(Figure 2.3.9). During the same period, the Atlantic Ocean began to open up between northern Africa and North America, and India
broke away from Antarctica. At this stage, Pangaea was divided into Laurasia (now Europe, Asia and North America) and
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Gondwanaland (the southern continents; South America, Africa, India, Australia, and Antarctica). Between 200 and 150 Ma, rifting
started between South America and Africa and between North America and Europe, and India separated from Antarctica and moved
north toward Asia. By 80 Ma, Africa had separated from South America, and most of Europe had separated from North America.
By 50 Ma, Australia had separated from Antarctica, and shortly after that, India collided with Asia.
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Figure 2.3.9 Movement of the continents over the past 225 million years (USGS,
https://pubs.usgs.gov/gip/dynamic/historical.html).

Within the past few million years, rifting has taken place in the Gulf of Aden and the Red Sea, and also within the Gulf of
California. Incipient rifting has begun along the Great Rift Valley of eastern Africa, extending from Ethiopia and Djibouti on the
Gulf of Aden (Red Sea) all the way south to Malawi.

Over the next 50 million years, it is likely that there will be full development of the east African rift and creation of new ocean
floor. Eventually Africa will split apart. There will also be continued northerly movement of Australia and Indonesia. The western
part of California (including Los Angeles and part of San Francisco) will split away from the rest of North America, and eventually
sail right by the west coast of Vancouver Island, en route to Alaska. Because the oceanic crust formed by spreading on the mid-
Atlantic ridge is not currently being subducted (except in the Caribbean), the Atlantic Ocean is slowly getting bigger, and the
Pacific Ocean is getting smaller. If this continues without changing for another couple hundred million years, we will be back to
where we started, with one supercontinent.

Pangaea, which existed from about 350 to 200 Ma, was not the first supercontinent. In 1966, Tuzo Wilson proposed that there has
been a continuous series of cycles of continental rifting and collision; that is, break-up of supercontinents, drifting, collision, and
formation of other supercontinents. Pangaea was preceded by Pannotia (600 to 540 Ma), by Rodinia (1,100 to 750 Ma), and by
other supercontinents before that.
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With all of these plates constantly on the move, they inevitably end up interacting with each other at their plate boundaries. Plates
can interact in three ways: they can move apart (divergent boundary), they can move towards each other (convergent boundary), or
they can slide past each other (transform boundary). The following sections will examine each of these types of plate boundaries,
and the geological features they create.

*”Physical Geology” by Steven Earle used under a CC-BY 4.0 international license. Download this book for free at
http://open.bccampus.ca

This page titled 2.3: Alfred Wegener and the Theory of Plate Tectonics is shared under a CC BY 4.0 license and was authored, remixed, and/or
curated by Tasha Gownaris via source content that was edited to the style and standards of the LibreTexts platform.

o 4.1: Alfred Wegener and the Theory of Plate Tectonics by Paul Webb is licensed CC BY 4.0. Original source:
https://rwu.pressbooks.pub/webboceanography.
¢ 4.3: Mechanisms for Plate Motion by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.

o 4.4: Plates and Plate Motions by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.

https://geo.libretexts.org/@go/page/49884


https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49884?pdf
http://open.bccampus.ca/
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry/2.03%3A_Alfred_Wegener_and_the_Theory_of_Plate_Tectonics
https://creativecommons.org/licenses/by/4.0
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/02%3A_Plate_Tectonics_and_Ocean_Bathymetry/2.03%3A_Alfred_Wegener_and_the_Theory_of_Plate_Tectonics?no-cache
https://rwu.pressbooks.pub/webboceanography
https://geo.libretexts.org/@go/page/4485
https://www.rwu.edu/academics/schools-and-colleges/fssns/faculty/paul-m-webb
https://creativecommons.org/licenses/by/4.0/
https://rwu.pressbooks.pub/webboceanography
https://geo.libretexts.org/@go/page/4487
https://www.rwu.edu/academics/schools-and-colleges/fssns/faculty/paul-m-webb
https://creativecommons.org/licenses/by/4.0/
https://rwu.pressbooks.pub/webboceanography
https://geo.libretexts.org/@go/page/4488
https://www.rwu.edu/academics/schools-and-colleges/fssns/faculty/paul-m-webb
https://creativecommons.org/licenses/by/4.0/
https://rwu.pressbooks.pub/webboceanography

LibreTexts*

2.4: Types of Plate Boundaries and the Features they Create

Divergent Plate Boundaries

Divergent boundaries are spreading boundaries, where new oceanic crust is created to fill in the space as the plates move apart.
Most divergent boundaries are located along mid-ocean oceanic ridges (although some are on land). The mid-ocean ridge system
is a giant undersea mountain range, and is the largest geological feature on Earth; at 65,000 km long and about 1000 km wide, it
covers 23% of Earth’s surface (Figure 2.4.1). Because the new crust formed at the plate boundary is warmer than the surrounding
crust, it has a lower density so it sits higher on the mantle, creating the mountain chain. Running down the middle of the mid-ocean
ridge is a rift valley 25-50 km wide and 1 km deep. Although oceanic spreading ridges appear to be curved features on Earth’s
surface, in fact the ridges are composed of a series of straight-line segments, offset at intervals by faults perpendicular to the ridge,
called transform faults. These transform faults make the mid-ocean ridge system look like a giant zipper on the seafloor (Figure
2.4.2). As we will see later, movements along transform faults between two adjacent ridge segments are responsible for many
earthquakes.

Figure 2.4.1 Ocean floor topography. The mid-ocean ridge system can be seen as the light blue chain of mountains running
throughout the oceans. The Mid-Atlantic Ridge is the long "spine" of light blue located in the middle of the Atlantic Ocean.

(http://www.ngdc.noaa.gov/mgg/image/mggd.gif).
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Figure 2.4.2 Closeup of the mid-Atlantic ridge system, showing transform faults perpendicular to the ridge axis. Arrows indicate the
direction of plate motion on either side of the fault (USGS, Public domain, via Wikimedia Commons).

The crustal material created at a spreading boundary is always oceanic in character. This magma oozes out onto the seafloor
and over time is covered with layers of sediment.

Upward movement
of mantle rock

Figure 2.4.3 Mechanism for divergent plate boundaries. The region in the outlined rectangle represent the mid-ocean ridge (Steven
Earle, “Physical Geology™).

Spreading is hypothesized to start within a continental area with up-warping or doming of crust related to an underlying mantle
plume or series of mantle plumes. The buoyancy of the mantle plume material creates a dome within the crust, causing it to
fracture. When a series of mantle plumes exists beneath a large continent, the resulting rifts may align and lead to the formation of
a rift valley (such as the present-day Great Rift Valley in eastern Africa). It is suggested that this type of valley eventually develops
into a linear sea (such as the present-day Red Sea), and finally into an ocean (such as the Atlantic). It is likely that as many as 20
mantle plumes, many of which still exist, were responsible for the initiation of the rifting of Pangaea along what is now the mid-

Atlantic ridge.
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There are multiple lines of evidence demonstrating that new oceanic crust is forming at these seafloor spreading centers:

1. Age of the crust:

Comparing the ages of the oceanic crust near a mid-ocean ridge shows that the crust is youngest right at the spreading center, and
gets progressively older as you move away from the divergent boundary in either direction, aging approximately 1 million years for
every 20-40 km from the ridge. Furthermore, the pattern of crust age is fairly symmetrical on either side of the ridge (Figure 2.4.4).

The oldest oceanic crust is around 280 Ma in the eastern Mediterranean, and the oldest parts of the open ocean are around 180 Ma
on either side of the north Atlantic. It may be surprising, considering that parts of the continental crust are close to 4,000 Ma old,
that the oldest seafloor is less than 300 Ma. Of course, the reason for this is that all seafloor older than that has been either
subducted (see section 4.6) or pushed up to become part of the continental crust. As one would expect, the oceanic crust is very
young near the spreading ridges (Figure 2.4.4), and there are obvious differences in the rate of sea-floor spreading along different
ridges. The ridges in the Pacific and southeastern Indian Oceans have wide age bands, indicating rapid spreading (approaching 10
cm/year on each side in some areas), while those in the Atlantic and western Indian Oceans are spreading much more slowly (less
than 2 cm/year on each side in some areas).

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 280
Age of Oceanic Lithosphere [m.y.]

Figure 2.4.4 Age of the oceanic crust (http://www.ngdc.noaa.gov/mgg/ocean_a...eanic_lith.jpg).

2. Sediment thickness:

With the development of seismic reflection sounding (similar to echo sounding described in earlier sections) it became possible to
see through the seafloor sediments and map the bedrock topography and crustal thickness. Hence sediment thicknesses could be
mapped, and it was soon discovered that although the sediments were up to several thousands of meters thick near the continents,
they were relatively thin — or even non-existent — in the ocean ridge areas (Figure 2.4.5). This makes sense when combined with
the data on the age of the oceanic crust; the farther from the spreading center the older the crust, the longer it has had to accumulate
sediment, and the thicker the sediment layer. Additionally, the bottom layers of sediment are older the farther you get from the
ridge, indicating that they were deposited on the crust long ago when the crust was first formed at the ridge.
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Figure 2.4.5 Seafloor sediment thickness (Modified from https://www.ngdc.noaa.gov/mgg/sedthick/).

3. Heat flow:

Measurements of rates of heat flow through the ocean floor revealed that the rates are higher than average (about 8x higher) along
the ridges, and lower than average in the trench areas (about 1/20th of the average). The areas of high heat flow are correlated with
upward convection of hot mantle material as new crust is formed, and the areas of low heat flow are correlated with downward
convection at subduction zones.

4. Magnetic reversals:

In section 4.2 we saw that rocks could retain magnetic information that they acquired when they were formed. However, Earth’s
magnetic field is not stable over geological time. For reasons that are not completely understood, the magnetic field decays
periodically and then becomes re-established. When it does re-establish, it may be oriented the way it was before the decay, or it
may be oriented with the reversed polarity. During periods of reversed polarity, a compass would point south instead of north. Over
the past 250 Ma, there have a few hundred magnetic field reversals, and their timing has been anything but regular. The shortest
ones that geologists have been able to define lasted only a few thousand years, and the longest one was more than 30 million years,
during the Cretaceous (Figure 2.4.6). The present “normal” event has persisted for about 780,000 years.

Cenozoic Mesozoic
Q| Neogene | Paleogene Cretaceous | Jurassic
[Pl Miccene | otigocene | Eocene [Paleacene Upper | Lower T Upper T Middie
o 2 4 & s w00 120 W0 10

Figure 2.4.6  Magnetic  field reversal chronology for the past 170 Ma  (Steven Earle after:
http://upload.wikimedia.org/wikipedi...y_0-169_Ma.svg).
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Figure 2.4.7 Pattern of magnetic anomalies in oceanic crust in the Pacific northwest (Steven Earle, “Physical Geology™).

Beginning in the 1950s, scientists started using magnetometer readings when studying ocean floor topography. The first
comprehensive magnetic data set was compiled in 1958 for an area off the coast of British Columbia and Washington State. This
survey revealed a mysterious pattern of alternating stripes of low and high magnetic intensity in sea-floor rocks (Figure 2.4.7).
Subsequent studies elsewhere in the ocean also observed these magnetic anomalies, and most importantly, the fact that the
magnetic patterns are symmetrical with respect to ocean ridges. In the 1960s, in what would become known as the Vine-Matthews-
Morley (VMM) hypothesis, it was proposed that the patterns associated with ridges were related to the magnetic reversals, and that
oceanic crust created from cooling basalt during a normal event would have polarity aligned with the present magnetic field, and
thus would produce a positive anomaly (a black stripe on the sea-floor magnetic map), whereas oceanic crust created during a
reversed event would have polarity opposite to the present field and thus would produce a negative magnetic anomaly (a white
stripe). The widths of the anomalies varied according to the spreading rates characteristic of the different ridges. This process is
illustrated in Figure 2.4.8. New crust is formed (panel a) and takes on the existing normal magnetic polarity. Over time, as the plates
continue to diverge, the magnetic polarity reverses, and new crust formed at the ridge now takes on the reversed polarity (white
stripes in Figure 2.4.8). In panel b, the poles have reverted to normal, so once again the new crust shows normal polarity before
moving away from the ridge. Eventually, this creates a series of parallel, alternating bands of reversals, symmetrical around the
spreading center (panel c).

Normal magnetic
polarity
[ ] -
Reversed
magnetic polarity b

Figure 2.4.8 Formation of alternating patterns of magnetic polarity along a mid-ocean ridge (Steven Earle, “Physical Geology”).
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Convergent Plate Boundaries

Convergent boundaries, where two plates are moving toward each other, are of three types, depending on the type of crust present
on either side of the boundary — oceanic or continental. The types are ocean-ocean, ocean-continent, and continent-continent.

Ocean-Ocean Convergence and the Formation of Trenches and Volcanoes

At an ocean-ocean convergent boundary, one of the plates (oceanic crust and lithospheric mantle) is pushed, or subducted, under
the other (Figure 2.4.9). Often it is the older and colder plate that is denser and subducts beneath the younger and warmer plate.
There is commonly an ocean trench along the boundary as the crust bends downwards. The subducted lithosphere descends into the
hot mantle at a relatively shallow angle close to the subduction zone, but at steeper angles farther down (up to about 45°). The
significant volume of water within the subducting material is released as the subducting crust is heated. It mixes with the overlying
mantle, and the addition of water to the hot mantle lowers the crust’s melting point and leads to the formation of magma (flux
melting). The magma, which is lighter than the surrounding mantle material, rises through the mantle and the overlying oceanic
crust to the ocean floor where it creates a chain of volcanic islands known as an island arc. A mature island arc develops into a
chain of relatively large islands (such as Japan or Indonesia) as more and more volcanic material is extruded and sedimentary rocks
accumulate around the islands. Earthquakes occur relatively deep below the seafloor, where the subducting crust moves against the
overriding crust.

Trench

Figure 2.4.9 A trench and volcanic island formed from an ocean-ocean convergent zone (Steven Earle, “Physical Geology”).

Examples of ocean-ocean convergent zones are subduction of the Pacific Plate south of Alaska (creating the Aleutian Islands) and

under the Philippine Plate, where it creates the Marianas Trench (Figure 2.4.10), the deepest part of the ocean
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Figure 2.4.10 The Mariana Trench, the deepest part of the ocean, is shown in dark blue. This trench is the result of an Ocean-Ocean
Convergence. SRTM bathymetry map of the Mariana trench region by astrobob is licensed as CC-BY 4.0

Ocean-Continent Convergence and the Formation of Trenches and Volcanoes

At an ocean-continent convergent boundary, the denser oceanic plate is pushed under the less dense continental plate in the same
manner as at an ocean-ocean boundary. Sediment that has accumulated on the seafloor is thrust up into an accretionary wedge, and
compression leads to thrusting within the continental plate (Figure 2.4.11). The magma produced adjacent to the subduction zone
rises to the base of the continental crust and leads to partial melting of the crustal rock. The resulting magma ascends through the
crust, producing a mountain chain with many volcanoes. As with an ocean-ocean boundary, the subducting crust can produce a
deep trench running parallel to the coastline.
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Accretionary wedge Thrusting

Figure 2.4.11 A trench and volcanic mountains formed from an ocean-continent convergent zone (Steven Earle, “Physical
Geology”).
Examples of ocean-continent convergent boundaries are subduction of the Nazca Plate under South America (which has created the
Andes Mountains and the Peru Trench) and subduction of the Juan de Fuca Plate under North America (creating the Cascade
Range).

Continent-Continent Convergence and the Creation of Mountains

A continent-continent collision occurs when a continent or large island that has been moved along with subducting oceanic crust
collides with another continent (Figure 2.4.12). The colliding continental material will not be subducted because it is too light (i.e.,
because it is composed largely of light continental rocks), but the root of the oceanic plate will eventually break off and sink into
the mantle. There is tremendous deformation of the pre-existing continental rocks, forcing the material upwards and creating
mountains.

Fold-belt mountains .
..fﬁa.., - Thusmg

Figure 2.4.12 Mountains formed from a continent-continent convergent zone (Steven Earle, “Physical Geology”).

Examples of continent-continent convergent boundaries are the collision of the India Plate with the Eurasian Plate, creating the
Himalaya Mountains, and the collision of the African Plate with the Eurasian Plate, creating the series of ranges extending from the
Alps in Europe to the Zagros Mountains in Iran. The Rocky Mountains in North America are also a result of continent-continent
collisions.
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Figure 2.4.13 The Appalachian Mountains resulted from several continent-continent collisions occurring millions of years
ago. Rendered landform configuration of the Appalachian mountains and the US east coast region by maps-for-free.com is licensed
under the public domain.

Transform Plate Boundaries

Transform boundaries exist where one plate slides past another without production or destruction of crustal material. As explained
in section 4.5, most transform faults connect segments of mid-ocean ridges and are thus ocean-ocean plate boundaries. Some
transform faults connect continental parts of plates. An example is the San Andreas Fault, which connects the southern end of the
Juan de Fuca Ridge with the northern end of the East Pacific Rise (ridge) in the Gulf of California (Figure 2.4.14). The part of
California west of the San Andreas Fault and all of Baja California are on the Pacific Plate. Transform faults do not just connect
divergent boundaries. For example, the Queen Charlotte Fault connects the north end of the Juan de Fuca Ridge, starting at the

north end of Vancouver Island, to the Aleutian subduction zone.
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Figure 2.4.14 Transform faults along the U.S. west coast (Steven Earle, “Physical Geology”).

As we will see in the next section, earthquakes are common along transform faults, as the two plates slide past each other.

*”Physical Geology” by Steven Earle used under a CC-BY 4.0 international license. Download this book for free at
http://open.bccampus.ca

This page titled 2.4: Types of Plate Boundaries and the Features they Create is shared under a CC BY 4.0 license and was authored, remixed,
and/or curated by Tasha Gownaris via source content that was edited to the style and standards of the LibreTexts platform.

« 4.5: Divergent Plate Boundaries by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
« 4.6: Convergent Plate Boundaries by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
e 4.7: Transform Plate Boundaries by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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2.5: Seamounts, Hot Spots, and Hydrothermal Vents

Seamounts and Hot Spots

The ocean floor is dotted with seamounts, some isolated and some in chains. Seamounts are underwater volcanoes, and most are
much younger than the oceanic crust on which they formed. If a seamount gets large enough to break the ocean surface, it becomes
a volcanic island. Some seamounts are formed from magma rising at a divergent boundary, and as the plates move apart, the
seamounts move with them, which can result in a seamount chain. Other seamounts form from the rising magma at an ocean-ocean
subduction zone; these include the Aleutians, extending from Alaska to Russia, and the Lesser Antilles in the eastern part of the
Caribbean. Sometimes the crust on which an island or seamount sits will subside, taking the seamount with it. As this happens, the
top of the seamount can become eroded flat, and these flat-topped seamounts are then called tablemounts or guyots.

However, some seamounts are formed far away from plate boundaries, in places where we would not usually expect much volcanic
activity. Some seamounts and ocean islands are formed above a mantle plume or hot spot — a place where hot mantle material
rises in a stationary and semi-permanent plume, and affects the overlying crust. Mantle plumes are thought to rise at approximately
10 times the rate of mantle convection. The ascending column may be on the order of kilometers to tens of kilometers across, but
near the surface it spreads out to create a mushroom-style head that is several tens to over 100 kilometers across. Near the base of
the lithosphere (the rigid part of the mantle), the mantle plume (and possibly some of the surrounding mantle material) partially
melts to form magma that rises to feed volcanoes.

A great example of seamounts created from a hot spot includes the Hawaiian and Emperor Seamount island chains in the Pacific
Ocean (Figure 2.5.1). The oldest of the Hawaiian/Emperor seamounts is dated at around 80 Ma, and it is situated on oceanic crust
aged around 90 to 100 Ma. The volcanic rock making up these islands gets progressively younger toward the southeast,
culminating with the island of Hawaii itself, which consists of rock that is almost all younger than 1 Ma. It appears that a stationary
plume of hot upwelling mantle material is the source of the Hawaiian volcanism, and that the ocean crust of the Pacific Plate is
moving toward the northwest over this hot spot. A seamount will be formed through volcanic activity over the hot spot, then the
plate will move and displace the seamount before the hot spot produces the next seamount, and so on. In this way, over time, the
seamounts are formed in chains. Near the Midway Islands, the chain takes a pronounced change in direction, from northwest-
southeast for the Hawaiian Islands to nearly north-south for the Emperor Seamounts. This change is widely ascribed to a change in
direction of the Pacific Plate moving over the stationary mantle plume, but it is also possible that the Hawaiian mantle plume has
not actually been stationary throughout its history, and in fact moved at least 2,000 km south over the period between 81 and 45
Ma.
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Figure 2.5.1 The Hawaiian Islands/Emperor Seamount chain, with ages of selected structures. This chain has formed as the Pacific

Plate moved northwest over a hot spot (Steven Earle, “Physical Geology”).
Since most mantle plumes are beneath the oceans, the early stages of volcanism typically take place on the seafloor. Over time,
very large islands may form like those in Hawaii. In fact, if you measure it from its base on the seafloor to its summit, Mauna Loa
on the island of Hawaii is the largest mountain on Earth, rising 9700 m (in comparison, the elevation of the summit of Mt. Everest
is 8848 m). While the island of Hawaii is the youngest in the chain, there is actually a new volcano named Loihi, that is still
submerged at a depth of 980 m SE of Hawaii, and may one day become a new Hawaiian island when it emerges 10,000 — 100,000
years from now.

There is evidence of many such mantle plumes around the world. Most are within the ocean basins, including places like Hawaii,
Iceland, and the Galapagos Islands, but some are under continents. One example is the Yellowstone hot spot in the west-central
United States, and another is the one responsible for the Anahim Volcanic Belt in central British Columbia. It is evident that mantle
plumes are very long-lived phenomena, lasting for at least tens of millions of years, possibly for hundreds of millions of years in
some cases.

Hydrothermal Vents

A whole new ecosystem reliant on the processes of plate tectonics was discovered on the deep seafloor of the Galapagos Rift in
1977. The deep sea submersible Alvin was exploring in 2500 m of water when it encountered unusually warm water. Following the
temperature gradient, Alvin eventually discovered jets of superheated water coming from out of the seafloor at temperatures up to
350° C (the normal temperature for water at this depth would be 2-4° C). The water poured out of cracks in the crust, as well as
through tall chimneys up to 20 m high and 1 m wide, and as it emerged it took on the appearance of thick black smoke, These
fissures were named hydrothermal vents, and the chimneys “black smokers”.
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Figure 2.5.2 A black smoker in the High Rise portion of the Endeavour hydrothermal vents (NOAA).

To create these vents, water percolates into the crust where there are plumes of magma close to the surface. The water gets
superheated by the magma, then moves back to the surface through convection and is released through the vents. The hot water
dissolves minerals from the surrounding rock, and as the water emerges and cools, the dissolved minerals and inorganic sulfides
precipitate out as small particles and turn the water black, leading to the black “smoke” coming from the vents. Precipitation of
these minerals also create the tall chimneys characteristic of many hydrothermal vents.

Since their original discovery in the Galapagos Rift, hydrothermal vents have been located across the globe along oceanic ridges
where there is shallow crust and a lot of tectonic activity (Figure 2.5.3).

Figure 2.5.3 Distribution of hydrothermal vents (red dots) and their association with plate boundaries (By DeDuijn (Own work)
[CC BY-SA 4.0], via Wikimedia Commons).
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As unexpected as it was to discover these vent systems, even more surprising was the fact that they were teeming with life. The
vents are surrounded by a diverse range of previously unknown organisms, including giant tube worms over 2 m long, crabs,
shrimp, giant mussels, and mats of bacteria. How is it that such a diverse community can exist in the ocean depths, far removed
from the sunlight that supports photosynthesis and primary production in most other ecosystems? The answer is that the water
exiting the vents is rich in hydrogen sulfide (H,S), oxygen and CO,. The bacteria surrounding the vents use energy from the
oxidation of sulfur compounds like H>S to form carbohydrates from CO; and water. This is the process of chemosynthesis, and the
bacteria are very productive as these reactions occur faster at high temperatures. The bacteria then represent the base of the food
web, as other organisms eat the bacteria, or derive their energy from bacteria living symbiotically within their tissues. Watch the
video below for more about hydrothermal vents.

Auﬂmgfﬂﬂvgmal Vent Exploration | Nautilus Live

40 YEARS OF VENT EXPLORATION
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*”Physical Geology” by Steven Earle used under a CC-BY 4.0 international license. Download this book for free at

http://open.bccampus.ca

This page titled 2.5: Seamounts, Hot Spots, and Hydrothermal Vents is shared under a CC BY 4.0 license and was authored, remixed, and/or
curated by Tasha Gownaris via source content that was edited to the style and standards of the LibreTexts platform.

e 4.9: Seamounts and Hot Spots by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
o 4.11: Hydrothermal Vents by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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2.6: Practice- ldentify the Ocean Features!

CONTINENTAL SHELF ’ ? i
—— Sea level

Figure: The figure above reviews some of the features common to our ocean basins. Occan floor basic diagram by Michal
Klajban is licensed under CC-BY 4.0.

In the quick check practice below, you are able to see the bathymetry of an area in the Western Pacific Ocean near Japan and an
area in the northeastern region of the Pacific Ocean. You may retry the quick check questions as many times as you would like.
Use the background information provided to identify the various seafloor and geographic features in the images. You can also do
web search if some terms are unfamiliar to you. Imagery from Google Earth.
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Quick Check: Drag and drop to label the geographic features near Japan e
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Quick Check: Drag and drop to label the geographic features off the Y
Northwestern United States
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This page titled 2.6: Practice- Identify the Ocean Features! is shared under a not declared license and was authored, remixed, and/or curated by

Tasha Gownaris.
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2.7: Earthquakes and Plate Tectonics

An earthquake is the shaking caused by the rupture (breaking) and subsequent displacement of rocks (one body of rock moving
with respect to another) beneath Earth’s surface.

A body of rock that is under stress becomes deformed. When the rock can no longer withstand the deformation, it breaks and the
two sides slide past each other. Because most rock is strong (unlike loose sand, for example), it can withstand a significant amount
of deformation without breaking. But every rock has a deformation limit and will rupture (break) once that limit is reached. At that
point, in the case of rocks within the crust, the rock breaks and there is displacement along the rupture surface. The magnitude of

the earthquake depends on the extent of the area that breaks (the area of the rupture surface) and the average amount of
displacement (sliding).
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Figure 2.7.1 Much like bending a pencil will eventually lead to breaking it, Tectonic forces within the lithosphere will lead to the
breaking of rock, forming an earthquake (image copyright: Benjamin R. Jordan, used with permission).

Most earthquakes take place near plate boundaries, but not necessarily right on a boundary, and not necessarily even on a pre-
existing fault. The distribution of earthquakes across the globe is shown in Figure 2.7.2. It is relatively easy to see the relationships
between earthquakes and the plate boundaries. Along divergent boundaries like the mid-Atlantic ridge and the East Pacific Rise,
earthquakes are common, but restricted to a narrow zone close to the ridge, and consistently at less than 30 km depth. Shallow
earthquakes are also common along transform faults, such as the San Andreas Fault. Along subduction zones earthquakes are very
abundant, and they are increasingly deep on the landward side of the subduction zone.
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Figure 2.7.2 Global distribution of earthquakes. Red dots indicate shallow earthquakes (<33 km deep), green and blue indicate deep
earthquakes (Steven Earle, “Physical Geology™).

Earthquakes are also relatively common at a few intraplate locations. Some are related to the buildup of stress due to continental

rifting or the transfer of stress from other regions, and some are not well understood. Examples of intraplate earthquake regions

include the Great Rift Valley area of Africa, the Tibet region of China, and the Lake Baikal area of Russia.

Earthquakes at Divergent and Transform Boundaries

Figure 2.7.3 provides a closer look at magnitude (M) 4 and larger earthquakes in an area of divergent boundaries in the mid-Atlantic
region near the equator. Here, as we saw in section 4.5, the segments of the mid-Atlantic ridge are offset by some long transform
faults. Most of the earthquakes are located along the transform faults, rather than along the spreading segments, although there are
clusters of earthquakes at some of the ridge-transform boundaries. Some earthquakes do occur on spreading ridges, but they tend to
be small and infrequent because of the relatively high rock temperatures in the areas where spreading is taking place. Earthquakes
along divergent and transform boundaries tend to be shallow, as the crust is not very thick.

Africa Plate Africa

Equator 'L':”:""'h.-\ 3

S. America South America Plate

30" W

Figure 2.7.3 Earthquake activity along the mid Atlantic ridge (Steven Earle, “Physical Geology”).

Earthquakes at Convergent Boundaries

The distribution and depths of earthquakes in the North Pacific are shown in Figure 2.7.3. In this region, the Pacific Plate is
subducting beneath the North America Plate, creating the Aleutian Trench and the Aleutian Islands. Shallow earthquakes are
common along the trench, but there is also significant earthquake activity extending down several hundred kilometers, as the
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subducting plate continues to interact at depth with the overriding plate. The earthquakes get deeper with distance from the trench;
note in the left panel in Figure 2.7.4 that as you move along the transect from point a to point b, there is a trend of increasing
earthquake depth. This reveals that it is the Pacific Plate that is moving northwards and being subducted.

a Trench b |

Figure 2.7.4 Earthquake activity along a convergent boundary at the Aleutian Islands. Red dots indicate shallow earthquakes, green
and blue indicate deeper earthquakes (Steven Earle, “Physical Geology™).

The distribution of earthquakes in the area of the India-Eurasia plate boundary is shown in Figure 2.7.5. This is a continent-
continent convergent boundary, and it is generally assumed that although the India Plate continues to move north toward the Asia
Plate, there is no actual subduction taking place. There are transform faults on either side of the India Plate in this area.

/26 India\Plate

Figure 2.7.5 The distribution of earthquakes in the area of the India-Eurasia plate boundary (Steven Earle, “Physical Geology”).

The entire northern India and southern Asia region is very seismically active. Earthquakes are common in northern India, Nepal,
Bhutan, Bangladesh and adjacent parts of China, and throughout Pakistan and Afghanistan. Many of the earthquakes are related to
the transform faults on either side of the India Plate, and most of the others are related to the significant tectonic squeezing caused
by the continued convergence of the India and Asia Plates. That squeezing has caused the Asia Plate to be thrust over top of the
India Plate, building the Himalayas and the Tibet Plateau to enormous heights.

Exploring Earthquake and Volcano Data

https://geo.libretexts.org/@go/page/49891



https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49891?pdf

LibreTexts"

Use this map of bathymetry and earthquakes in the northeastern region of the Pacific Ocean to make observations and answer the
questions below. You can toggle on the volcano locations, zoom in and out of the map and examine the relationship between
earthquake magnitude and depth relative to the seafloor features within the study area, indicated by the rectangle. For comparison,
scroll the map over to Japan (Scroll out then slide over to Japan and scroll in) and see where Japan’s volcanoes are located relative
to the coast and the deep-sea trench.
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Where do you find the shallowest earthquakes? (i.e., at what plate boundaries)

Answer

At transform plate boundaries

Where do you find the deepest earthquakes? (i.e., at what plate boundaries)

Answer

At convergent plate boundaries

Where do you find volcanoes? Are they immediately near the earthquakes?

Answer

Volcanoes form more inland, where rock at depth is melted and comes to the surface as magma.

*”Physical Geology” by Steven Earle used under a CC-BY 4.0 international license. Download this book for free at
http://open.bccampus.ca

This page titled 2.7: Earthquakes and Plate Tectonics is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha
Gownaris via source content that was edited to the style and standards of the LibreTexts platform.

« 4.8: Earthquakes and Plate Tectonics by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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CHAPTER OVERVIEW

3: Ocean Sediments

@b Learning Objectives

After reading this chapter you should:

o know how sediments are classified based on physical characteristics (size, sorting etc.)
e identify the four main sources of marine sediments

o differentiate between organisms that produce different biogenous sediments

o understand the factors that determine the distribution of sediment types in the ocean

o know the different ways sediment samples can be obtained

o understand how biogenous sediments can be used to reconstruct past climate change

Let’s be honest; for the majority of people with an interest in the oceans and oceanography it is not the allure of the sediments that
first grabs their attention. At first glance the muddy seafloor may not seem that interesting, but the sediments play a vital role in
marine ecosystems and our understanding of ocean and geological processes. The sediments provide habitat for a multitude of
marine organisms, and they contain information about past climates, plate tectonics, ocean circulation patterns, and the timing of
major extinctions, just to name a few. In this chapter we will examine the major types of sediments, and their distribution on the
ocean floor.

3.1: Classifying Sediments
3.2: Lithogenous Sediments
3.3: Biogenous Sediments
3.4: Hydrogenous Sediments
3.5: Cosmogenous Sediments

3.6: Sediment Distribution

This page titled 3: Ocean Sediments is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via

source content that was edited to the style and standards of the LibreTexts platform.
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3.1: Classifying Sediments

The term “sediment” refers to the tiny particles of rocks and other materials that sink to the ocean floor and eventually settle and
accumulate on the bottom. All regions of the seafloor contain some form of sediment, although there are many different types of
sediments from a variety of sources, and the amount of accumulated sediment can vary greatly from place to place. Globally, ocean
sediments average about 1 km thick, but they can exceed 15 km thick in areas of high accumulation (Figure 3.1.1). These areas
include regions near the mouths of rivers where there is high sediment discharge, and passive margins near the continents where the
seafloor has had millions of years for sediment to accumulate. On the other hand, sediments are sparse along divergent plate
boundaries where new oceanic crust is being formed, as the crust is too new for significant accamulation (see section 4.5), and in
the central oceans that are far away from any significant sediment sources.
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Figure 3.1.1 Total sediment thickness of the world ocean (By Divins, D.L., NGDC Total Sediment Thickness of the World’s Oceans
& Marginal Seas, http://www.ngdc.noaa.gov/mgg/sedthick/sedthick.html (http://www.ngdc.noaa.gov/mgg/image/sedthick9.jpg)
[Public domain], via Wikimedia Commons).

As time passes over millions of years, these sediments can become lithified or turned into sedimentary rock. It has been estimated
that over half of the exposed rock on the continents is sedimentary rock originally deposited in ancient oceans and uplifted by plate
tectonics. Many tall mountains, including Mt. Everest, are composed of rock formations that contain fossils of marine creatures.
These rocks were originally formed as ocean sediments which were then lithified and pushed upwards during the process of
mountain formation.

Sediment Classification

There are a number of ways that we can classify ocean sediments, and some of the most common distinctions are based on the
sediment texture, the sediment composition, and the sediment’s origin.

Texture
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Sediment texture can be examined through several variables. The first is grain size. Sediments are classified by particle size,
ranging from the finest clays (diameter <0.004 mm) to the largest boulders (> 256 mm)(Figure 3.1.2). Among other things, grain
size represents the conditions under which the sediment was deposited. High energy conditions, such as strong currents or waves,
usually results in the deposition of only the larger particles as the finer ones will be carried away. Lower energy conditions will
allow the smaller particles to settle out and form finer sediments.
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Figure 3.1.2 Wentworth grain size chart for classifying sediments (By Jeffress Williams, Matthew A. Arsenault, Brian J.
Buczkowski, Jane A. Reid, James G. Flocks, Mark A. Kulp, Shea Penland, and Chris J. Jenkins, USGS [Public domain], via
Wikimedia Commons).

Sorting is another way to categorize sediments. Sorting refers to how uniform the particles are in terms of size (Figure 3.1.3). If all

of the particles are of a similar size, such as in beach sand, the sediment is well-sorted. If the particles are of very different sizes,
the sediment is poorly sorted, such as in glacial deposits.
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Figure 3.1.3 Well-sorted sediments (left) have particles that are all of a similar size. Poorly sorted sediments (right) consist of

particles of a wide range of sizes (Woudloper (Own work) [CC BY-SA 3.0], via Wikimedia Commons).
Finally, sediment texture can be described based on its maturity, or how long the particles have been transported by water or other
vectors. Maturity can be reflected by the degree of rounding of the particles, the amount of sorting, and the composition of the
sediment. In the case of rounding, the more mature the sediment, the rounder the particles, as a result of the particles being
abraded over time. A high degree of sorting indicates maturity, because over time the smaller particles will be washed away, and a
given amount of energy will move particles of a similar size over the same distance. Lastly, the older and more mature a sediment
the higher the quartz content, at least in sediments derived from rock particles. Quartz is a common mineral in terrestrial rocks, and
it is very hard and resistant to abrasion. Over time, particles made from other materials are worn away, leaving only quartz behind.

Beach sand is a very mature sediment; it is composed primarily of quartz, and the particles are rounded and of similar size (well-
sorted).

Sources of sediments

Sediments are also classified based on their source of origin. There are four main categories for the origin of marine sediments:

o Lithogenous sediments are derived from preexisting rock. They are also called terrigenous sediments since most of it comes
from the land masses and makes its way into the ocean.

o Biogenous sediments are composed of the remains of marine organisms.

o Hydrogenous sediments are formed when materials that are dissolved in water precipitate out and form solid particles.

o Cosmogenous sediments are derived from extraterrestrial sources.

The next few sections will address each of these sediment types in more detail.

This page titled 3.1: Classifying Sediments is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.

e 12.1: Classifying Sediments by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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3.2: Lithogenous Sediments

Lithogenous or terrigenous sediment is primarily composed of small fragments of preexisting rocks that have made their way into
the ocean. These sediments can contain the entire range of particle sizes, from microscopic clays to large boulders, and they are
found almost everywhere on the ocean floor. Lithogenous sediments are created on land through the process of weathering, where
rocks and minerals are broken down into smaller particles through the action of wind, rain, water flow, temperature- or ice-induced
cracking, and other erosive processes. These small eroded particles are then transported to the oceans through a variety of

mechanisms:

o Streams and rivers: Various forms of runoff deposit large amounts of sediment into the oceans, mostly in the form of finer-
grained particles (Figure 3.2.1). About 90% of the lithogenous sediment in the oceans is though to have come from river
discharge, particularly from Asia. Most of this sediment, especially the larger particles, will be deposited and remain fairly close
to the coastline, however, smaller clay particles may remain suspended in the water column for long periods of time and may be

transported great distances from the source.
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Figure 3.2.1 River discharge in the Yukon Delta, Alaska. The pale color demonstrates the large amounts of sediment released into

the ocean via the rivers (By Jesse Allen and Robert Simmon (NASA Earth Observatory) [Public domain], via Wikimedia
Commons).

¢ Wind: Wind-borne (aeolian) transport can take small particles of sand and dust and move them thousands of kilometers from
the source. These small particles can fall into the ocean when the wind dies down, or can serve as the nuclei around which
raindrops or snowflakes form. Aeolian transport is particularly important near desert areas (Figure 3.2.2).
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Figure 3.2.2 A plume of wind-borne particles from Sudan (left) blow over the Red Sea (By NASA
(http://visibleearth.nasa.gov/view_rec.php?id=5645) [Public domain], via Wikimedia Commons).

o Glaciers and ice rafting: As glaciers grind their way over land, they pick up lots of soil and rock particles, including very large
boulders, that get carried by the ice. When the glacier meets the ocean and begins to break apart or melt, these particles get
deposited (Figure 3.2.3). Most of the deposition will happen close to where the glacier meets the water, but a small amount of
material is also transported longer distances by rafting, where larger pieces of ice drift far from the glacier before releasing their

sediment.

Figure 3.2.3 When glaciers reach the sea they can break apart, depositing their sediments into the ocean, including very large pieces
of rock (By Ianaré Sévi (Own work) [CC BY-SA 3.0], via Wikimedia Commons).

o Gravity: Landslides, mudslides, avalanches, and other gravity-driven events can deposit large amounts of material into the
ocean when they happen close to shore.

https://geo.libretexts.org/@go/page/49898



https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49898?pdf
http://visibleearth.nasa.gov/view_rec.php?id=5645

Li breTexts*

e Waves: Wave action along a coastline will erode rocks and will pull loose particles from beaches and shorelines into the water.
¢ Volcanoes: Volcanic eruptions emit vast amounts of ash and other debris into the atmosphere, where it can then be transported
by wind to eventually get deposited in the oceans (Figure 3.2.4).

Figure 3.2.4 Eruption of the Mayon Volcano, Philippines, in 1984. Much of the material spewed from a volcanic eruption may
eventually make its way into the oceans (By C.G. Newhall [Public domain], via Wikimedia Commons).

o Gastroliths: An interesting, although relatively minor avenue for the transport of lithogenous sediments to the ocean is in the
form of gastroliths. Gastrolith means “stomach stones” and comes from the fact that many animals, including seabirds,
pinnipeds, and some crocodiles will deliberately swallow stones in one area and regurgitate them in another. Often these stones
swallowed on land will be regurgitated at sea. Why swallow stones? Possible explanations include using the stones to help grind
up food in the stomach, to act as ballast to aid in buoyancy regulation, or to fill the stomach and reduce feelings of hunger
during fasting periods on shore.

Most of these processes deposit lithogenous sediment fairly close to shore. The sediment particles can then be transported farther
away by waves and currents, where they may eventually escape the continental shelf and reach the deep ocean floor.

Composition

Lithogenous sediments usually reflect the composition of whatever materials they were derived from, so they are dominated by the
major minerals that make up most terrestrial rock. This includes quartz, feldspar, clay minerals, iron oxides, and terrestrial organic
matter. Quartz (silicon dioxide, the main component of glass) is one of the most common minerals found in nearly all rocks, and it
is very resistant to abrasion (see section 12.1), so it is a dominant component of lithogenous sediments, including sand.

This page titled 3.2: Lithogenous Sediments is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris
via source content that was edited to the style and standards of the LibreTexts platform.

o 12.2: Lithogenous Sediments by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.

https://geo.libretexts.org/@go/page/49898



https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49898?pdf
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/03%3A_Ocean_Sediments/3.02%3A_Lithogenous_Sediments
https://creativecommons.org/licenses/by/4.0
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/03%3A_Ocean_Sediments/3.02%3A_Lithogenous_Sediments?no-cache
https://rwu.pressbooks.pub/webboceanography
https://geo.libretexts.org/@go/page/4462
https://www.rwu.edu/academics/schools-and-colleges/fssns/faculty/paul-m-webb
https://creativecommons.org/licenses/by/4.0/
https://rwu.pressbooks.pub/webboceanography

LibreTexts"

3.3: Biogenous Sediments

Biogenous sediments come from the remains of living organisms that settle out as sediment when the organisms die. It is the “hard
parts” of the organisms that contribute to the sediments; things like shells, teeth or skeletal elements, as these parts are usually
mineralized and are more resistant to decomposition than the fleshy “soft parts” that rapidly deteriorate after death.

Macroscopic sediments contain large remains, such as skeletons, teeth, or shells of larger organisms. This type of sediment is fairly
rare over most of the ocean, as large organisms don’t die in enough of a concentrated abundance to allow these remains to
accumulate. One exception is around coral reefs; here there is a great abundance of organisms that leave behind their remains, in
particular the fragments of the stony skeletons of corals that make up a large percentage of tropical sand.

Microscopic sediment consists of the hard parts of microscopic organisms, particularly their shells, or tests. Although very small,
these organisms are highly abundant and as they die by the billions every day their tests sink to the bottom to create biogenous
sediments. Sediments composed of microscopic tests are far more abundant than sediments from macroscopic particles, and
because of their small size they create fine-grained, mushy sediment layers. If the sediment layer consists of at least 30%
microscopic biogenous material, it is classified as a biogenous ooze. The remainder of the sediment is often made up of clay.

The primary sources of microscopic biogenous sediments are unicellular algaes and protozoans (single-celled amoeba-like
creatures) that secrete tests of either calcium carbonate (CaCOj) or silica (SiOy. Silica tests come from two main groups, the
diatoms (algae) and the radiolarians (protozoans) (Figure 3.3.1).

Figure 3.3.1 Various diatom (left) and radiolarian (right) tests (Diatom images courtesy of Mary Ann Tiffany, San Diego State

University [CC BY 2.5], via Wikimedia Commons; radiolarian images by Andreas Drews, https://pxhere.com/en/photo/239774,

[CC by 2.0]).
Diatoms are important members of the phytoplankton, the small, drifting algal photosynthesizers. A diatom consists of a single
algal cell surrounded by an elaborate silica shell that it secretes for itself. Diatoms come in a range of shapes, from elongated,
pennate forms, to round, or centric shapes that often have two halves, like a Petri dish (Figure 3.3.1 left). In areas where diatoms are
abundant, the underlying sediment is rich in silica diatom tests, and is called diatomaceous earth (see box below).

What use are diatoms?

Diatoms are a vital piece of the global ecosystem for their role in oceanic primary production and the creation of much of the
oxygen that organisms breathe. But diatoms are also important for many industrial and agricultural applications. Because of the
very fine grain size, and the lattice-like structure of the diatom tests, diatomaceous earth has been used as a filtering agent in things
like swimming pool filters and beer brewing. The microscopic tests have been added as an abrasive to toothpaste, facial cleansers
and household cleaning agents. Alfred Nobel used diatomaceous earth to stabilize nitroglycerine in the production of dynamite.
Diatomaceous earth also displays insecticide properties by stimulating dehydration in insects. It is marketed for this purpose in
agriculture, as well as for household use to combat ants, cockroaches, and bedbugs. “Food grade” diatomaceous earth has also
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entered the market, with proponents touting a range of health benefits arising from its consumption. That’s a pretty impressive
range of uses from a microscopic algae!

Radiolarians are planktonic protozoans (making them part of the zooplankton), that like diatoms, secrete a silica test. The test
surrounds the cell and can include an array of small openings through which the radiolarian can extend an amoeba-like “arm” or
pseudopod (Figure 3.3.1 right). Radiolarian tests often display a number of rays protruding from their shells which aid in buoyancy.
Oozes that are dominated by diatom or radiolarian tests are called siliceous oozes.

Like the siliceous sediments, the calcium carbonate, or calcareous sediments are also produced from the tests of microscopic algae
and protozoans; in this case the coccolithophores and foraminiferans. Coccolithophores are single-celled planktonic algae about
100 times smaller than diatoms. Their tests are composed of a number of interlocking CaCO3 plates (coccoliths) that form a sphere
surrounding the cell (Figure 3.3.2 left). When coccolithophores die the individual plates sink out and form an ooze. Over time, the
coccolithophore ooze lithifies to becomes chalk. The famous White Cliffs of Dover in England are composed of coccolithophore-
rich ooze that turned into chalk deposits (Figure 3.3.2 right).

Figure 3.3.2 (Left) coccolithophore tests (left; By Richard Lampitt, Jeremy Young, The Natural History Museum, London
(http://planktonnet.awi.de/); center; by Alison R. Taylor (University of North Carolina Wilmington Microscopy Facility) (PLoS
Biology, June 2011, Cover ([1])) [Both images CC BY 2.5], via Wikimedia Commons). (Right); the White Cliffs of Dover
(Immanuel Giel (Own work) [CC BY-SA 3.0], via Wikimedia Commons).
Foraminiferans (also referred to as “forams”) are protozoans whose tests are often chambered, similar to the shells of snails. As the
organism grows, is secretes new, larger chambers in which to reside. Most foraminiferans are benthic, living on or in the sediment,
but there are some planktonic species living higher in the water column. When coccolithophores and foraminiferans die, they form

calcareous oozes.
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Figure 3.3.3 Foraminifera tests collected from a beach in Myanmar (By Psammophile [GFDL
(http://www.gnu.org/copyleft/fdl.html) or CC BY-SA 3.0], via Wikimedia Commons).

Older calcareous sediment layers contain the remains of another type of organism, the discoasters; single-celled algae related to
the coccolithophores that also produced calcium carbonate tests. Discoaster tests were star-shaped, and reached sizes of 5-40 pm
across (Figure 3.3.4). Discoasters went extinct approximately 2 million years ago, but their tests remain in deep, tropical sediments

that predate their extinction.
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Figure 3.3.4 Discoaster tests. Left: discoster tests with assorted coccoliths. Top right Discoaster surculus; center right: Discoaster

pentaradiatus; bottom right: Discoaster surculus (All images by Hannes Grobe (Own work) [CC BY 3.0], via Wikimedia

Commons).
Because of their small size, these tests sink very slowly; a single microscopic test may take about 10-50 years to sink to the bottom!
Given that slow descent, a current of only 1 cm/sec could carry the test as much as 15,000 km away from its point of origin before
it reaches the bottom. Yet despite this, we find that the sediments in a particular location are well-matched to the types of organisms
and degree of productivity that occurs in the water overhead. This means that the sediment particles must be sinking to the bottom
at a much faster rate, so that they accumulate below their point of origin before the currents can disperse them. What is the
mechanism for this increased sinking rate? Apparently most of the tests do not sink as individual particles; about 99% of them are
first consumed by some other organism, and are then aggregated and expelled as large fecal pellets, which sink much more quickly
and reach the ocean floor in only 10-15 days. This does not give the particles as much time to disperse, and the sediment below will
reflect the production occurring near the surface. The increased rate of sinking through this mechanism is called the “fecal
express.”

This page titled 3.3: Biogenous Sediments is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.

« 12.3: Biogenous Sediments by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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3.4: Hydrogenous Sediments

As we saw in section 5.3 seawater contains many different dissolved substances. Occasionally chemical reactions occur that cause
these substances to precipitate out as solid particles, which then accumulate as hydrogenous sediment. These reactions are usually
triggered by a change in conditions, such as a change in temperature, pressure, or pH, which reduces the amount of a substance that
can remain in a dissolved state. There is not a lot of hydrogenous sediment in the ocean compared to lithogenous or biogenous
sediments, but there are some interesting forms.

Hydrothermal vents were discussed in section 4.11. Recall that in these systems, seawater percolates into the seafloor, where it
becomes superheated by magma before being expelled by the vent. This superheated water contains many dissolved substances,
and when it encounters the cold seawater after leaving the vent, these particles precipitate out, mostly as metal sulfides. These
particles make up the “smoke” that flows from a vent, and may eventually settle on the bottom as hydrogenous sediment (Figure
3.4.1).

Figure 3.4.1 A “black smoker” hydrothermal vent. The “smoke” consists of dissolved particles that precipitate into solids when
exposed to colder water (NOAA, http://www.photolib.noaa.gov/htmls/nur04506.htm).
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Manganese nodules are rounded lumps of manganese and other metals that form on the seafloor, generally ranging between 3-10
cm in diameter, although they may sometimes reach up to 30 cm (Figure 3.4.2). The nodules form in a manner similar to pearls;
there is a central object around which concentric layers are slowly deposited, causing the nodule to grow over time. The
composition of the nodules can vary somewhat depending on their location and the conditions of their formation, but they are
usually dominated by manganese- and iron oxides. They may also contain smaller amounts of other metals such as copper, nickel
and cobalt. The precipitation of manganese nodules is one of the slowest geological processes known; they grow on the order of a
few millimeters per million years. For that reason, they only form in areas where there are low rates of lithogenous or biogenous
sediment accumulation, because any other sediment deposition would quickly cover the nodules and prevent further nodule growth.
Therefore, manganese nodules are usually limited to areas in the central ocean, far from significant lithogenous or biogenous
inputs, where they can sometimes accumulate in large numbers on the seafloor (Figure 3.4.2 right). Because the nodules contain a
number of commercially valuable metals, there has been significant interest in mining the nodules over the last several decades,
although most of the efforts have thus far remained at the exploratory stage. A number of factors have prevented large-scale
extraction of nodules, including the high costs of deep sea mining operations, political issues over mining rights, and environmental
concerns surrounding the extraction of these non-renewable resources.

Figure 3.4.2 (Left) manganese nodule from the subtropical eastern Pacific Ocean. The nodule is 4.1 cm in diameter (By James St.

John, https://www.flickr.com/photos/jsjgeo...n/photostream/ [CC-BY 2.0]). (Right) field of manganese nodules on the seafloor (By

United States Geological Survey [Public domain], via Wikimedia Commons).
Evaporites are hydrogenous sediments that form when seawater evaporates, leaving the dissolved materials to precipitate into
solids, particularly halite (salt, NaCl). In fact, the evaporation of seawater is the oldest form of salt production for human use, and
is still carried out today. Large deposits of halite evaporites exist in a number of places, including under the Mediterranean Sea.
Beginning around 6 million years ago, tectonic processes closed off the Mediterranean Sea from the Atlantic, and the warm climate
evaporated so much water that the Mediterranean was almost completely dried out, leaving large deposits of salt in its place (an
event known as the Messinian Salinity Crisis). Eventually the Mediterranean re-flooded about 5.3 million years ago, and the halite

deposits were covered by other sediments, but they still remain beneath the seafloor.
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Figure 3.4.3 Salt farmers harvesting salt left behind from the evaporation of seawater, Pak Thale, Ban Laem, Phetchaburi, Thailand

(By JJ Harrison (Own work) [CC BY-SA 3.0], via Wikimedia Commons).
Oolites are small, rounded grains formed from concentric layers of precipitation of material around a suspended particle. They are
usually composed of calcium carbonate, but they may also from from phosphates and other materials. Accumulation of oolites
results in oolitic sand, which is found in its greatest abundance in the Bahamas (Figure 3.4.4).

Figure 3.4.4 Oolites from a beach on Joulter’s Cay, The Bahamas (By Wilson44691- (Own work) [Public domain], via Wikimedia

Commons).
Methane hydrates are another type of hydrogenous deposit with a potential industrial application. All terrestrial erosion products
include a small proportion of organic matter derived mostly from terrestrial plants. Tiny fragments of this material plus other
organic matter from marine plants and animals accumulate in terrigenous sediments, especially within a few hundred kilometers of
shore. As the sediments pile up, the deeper parts start to warm up (from geothermal heat), and bacteria get to work breaking down
the contained organic matter. Because this is happening in the absence of oxygen (a.k.a. anaerobic conditions), the by-product of
this metabolism is the gas methane (CH,4). Methane released by the bacteria slowly bubbles upward through the sediment toward
the seafloor. At water depths of 500 m to 1,000 m, and at the low temperatures typical of the seafloor (close to 4°C), water and
methane combine to create a substance known as methane hydrate. Within a few meters to hundreds of meters of the seafloor, the
temperature is low enough for methane hydrate to be stable and hydrates accumulate within the sediment (Figure 3.4.5 left).
Methane hydrate is flammable because when it is heated, the methane is released as a gas (Figure 3.4.5 right). The methane within
seafloor sediments represents an enormous reservoir of fossil fuel energy. Although energy corporations and governments are

anxious to develop ways to produce and sell this methane, anyone that understands the climate-change implications of its extraction
and use can see that this would be folly.
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Figure 3.4.5 (Left): Methane hydrate within muddy sea-floor sediment from an area offshore from Oregon (By Wusel007 (Own
work) [GFDL (http://www.gnu.org/copyleft/fdl.html) or CC BY-SA 3.0], via Wikimedia Commons). (Right): Methane hydrate on
fire (USGS, http://www.usgs.gov/blogs/features/f.../.New-Image.jpg).
*”Physical Geology” by Steven Earle used under a CC-BY 4.0 international license. Download this book for free at

http://open.bccampus.ca
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3.5: Cosmogenous Sediments

Cosmogenous sediment is derived from extraterrestrial sources, and comes in two primary forms; microscopic spherules and larger
meteor debris. Spherules are composed mostly of silica or iron and nickel, and are thought to be ejected as meteors burn up after
entering the atmosphere. Meteor debris comes from collisions of meteorites with Earth. These high impact collisions eject particles
into the atmosphere that eventually settle back down to Earth and contribute to the sediments. Like spherules, meteor debris is
mostly silica or iron and nickel. One interesting form of debris from these collisions are tektites, which are small droplets of glass.
They are likely composed of terrestrial silica that was ejected and melted during a meteorite impact, which then solidified as it

g »

cooled upon returning to the surface.
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Figure 3.5.1 Tektite-like glass found near the Volkov River in western Russia (By James St. John [CC BY 2.0], via Wikimedia
Commons).

Cosmogenous sediment is fairly rare in the ocean and it does not usually accumulate in large deposits. However, it is constantly

being added to through space dust that continuously rains down on Earth. About 90% of incoming cosmogenous debris is
vaporized as it enters the atmosphere, but it is estimated that 5 to 300 tons of space dust land on the Earth’s surface each day!

This page titled 3.5: Cosmogenous Sediments is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris
via source content that was edited to the style and standards of the LibreTexts platform.
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3.6: Sediment Distribution

Now that we have an understanding of the types of sediments found in the ocean, we can turn our attention to the processes that
cause different types of sediments to dominate in different locations. Sediment accumulation will depend on the the amount of
material coming from the source, the distance from the source, the amount of time that sediment has had to accumulate, how well
the sediments are preserved, and the amounts of other types of sediments that are also being added to the system.

Rates of sediment accumulation are relatively slow throughout most of the ocean, in many cases taking thousands of years for any
significant deposits to form. Lithogenous sediment accumulates the fastest, on the order of 1 m or more per thousand years for
coarser particles. However, sedimentation rates near the mouths of large rivers with high discharge can be orders of magnitude
higher. Biogenous oozes accumulate at a rate of about 1 cm per thousand years, while small clay particles are deposited in the deep
ocean at around 1 mm per thousand years. As described in section 12.4, manganese nodules have an incredibly slow rate of
accumulation, gaining 0.001 mm per thousand years.

Marine sediments are thickest near the continental margins (refer to figure 3.6.1) where they can be over 10 km thick. This is
because the crust near passive continental margins is often very old, allowing for a long period of accumulation, and because there
is a large amount of terrigenous sediment input coming from the continents. Near mid-ocean ridge systems where new oceanic
crust is being formed, sediments are thinner, as they have had less time to accumulate on the younger crust. As you move away
from the ridge spreading center the sediments get progressively thicker (see section 4.5), increasing by approximately 100-200 m of
sediment for every 1000 km distance from the ridge axis. With a seafloor spreading rate of about 20-40 km/million years, this
represents a sediment accumulation rate of approximately 100-200 m every 25-50 million years.

Figure 3.6.1 shows the distribution of the major types of sediment on the ocean floor. Cosmogenous sediments could potentially end
up in any part of the ocean, but they accumulate in such small abundances that they are overwhelmed by other sediment types and
thus are not dominant in any location. Similarly, hydrogenous sediments can have high concentrations in specific locations, but
these regions are very small on a global scale. So we will mostly ignore cosmogenous and hydrogenous sediments in the discussion
of global sediment patterns.

- Terrigenous |:| Clay |:| Siliceous ooze |:| Carbonate ooze

Figure 3.6.1 The distribution of sediment types on the seafloor. Within each colored area, the type of material shown is what

dominates, although other materials are also likely to be present (Steven Earle, “Physical Geology™).
Coarse lithogenous/terrigenous sediments are dominant near the continental margins as runoff, river discharge, and other processes
deposit vast amounts of these materials on the continental shelf (section 12.2). Much of this sediment remains on or near the shelf,
while turbidity currents can transport material down the continental slope to the deep ocean floor. Lithogenous sediment is also
common at the poles where thick ice cover can limit primary production, and glacial breakup deposits sediments along the ice edge.
Coarse lithogenous sediments are less common in the central ocean, as these areas are too far from the sources for these sediments
to accumulate. Very small clay particles are the exception, and as described below, they can accumulate in areas that other
lithogenous sediment will not reach.

@ 0 @ https://geo.libretexts.org/@go/page/49902



https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49902?pdf
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/03%3A_Ocean_Sediments/3.06%3A_Sediment_Distribution

LibreTexts"

The distribution of biogenous sediments depends on their rates of production, dissolution, and dilution by other sediments. We
learned in section 7.4 that coastal areas display very high primary production, so we might expect to see abundant biogenous
deposits in these regions. However, recall that sediment must be >30% biogenous to be considered a biogenous ooze, and even in
productive coastal areas there is so much lithogenous input that it swamps the biogenous materials, and that 30% threshold is not
reached. So coastal areas remain dominated by lithogenous sediment, and biogenous sediments will be more abundant in pelagic
environments where there is little lithogenous input.

In order for biogenous sediments to accumulate their rate of production must be greater than the rate at which the tests dissolve.
Silica is undersaturated throughout the ocean and will dissolve in seawater, but it dissolves more readily in warmer water and lower
pressures; in other words, it dissolves faster near the surface than in deep water. Silica sediments will therefore only accumulate in
cooler regions of high productivity where they accumulate faster than they dissolve. This includes upwelling regions near the
equator and at high latitudes where there are abundant nutrients and cooler water. Oozes formed near the equatorial regions are
usually dominated by radiolarians, while diatoms are more common in the polar oozes. Once the silica tests have settled on the
bottom and are covered by subsequent layers, they are no longer subject to dissolution and the sediment will accumulate.
Approximately 15% of the seafloor is covered by siliceous oozes.

Biogenous calcium carbonate sediments also require production to exceed dissolution for sediments to accumulate, but the
processes involved are a little different than for silica. Calcium carbonate dissolves more readily in more acidic water. Cold
seawater contains more dissolved CO, and is slightly more acidic than warmer water (section 5.5). Therefore calcium carbonate
tests are more likely to dissolve in colder, deeper, polar water than in warmer, tropical, surface water. At the poles the water is
uniformly cold, so calcium carbonate readily dissolves at all depths, and carbonate sediments do not accumulate. In temperate and
tropical regions calcium carbonate dissolves more readily as it sinks into deeper water. The depth at which calcium carbonate
dissolves as fast as it accumulates is called the calcium carbonate compensation depth, or calcite compensation depth, or
simply the CCD. The lysocline represents the depths where the rate of calcium carbonate dissolution increases dramatically
(similar to the thermocline and halocline). At depths shallower than the CCD carbonate accumulation will exceed the rate of
dissolution, and carbonate sediments will be deposited. In areas deeper than the CCD, the rate of dissolution will exceed
production, and no carbonate sediments can accumulate (Figure 3.6.2). The CCD is usually found at depths of 4 — 4.5 km, although
it is much shallower at the poles where the surface water is cold. Thus calcareous oozes will mostly be found in tropical or
temperate waters less than about 4 km deep, such as along the mid-ocean ridge systems and atop seamounts and plateaus. The CCD
is deeper in the Atlantic than in the Pacific since the Pacific contains more CO,, making the water more acidic and calcium
carbonate more soluble. This, along with the fact that the Pacific is deeper, means that the Atlantic contains more calcareous
sediment than the Pacific. All told, about 48% of the seafloor is dominated by calcareous oozes.

Net accumulation

Net dissolution

Figure 3.6.2 Calcareous sediment can only accumulate in depths shallower than the calcium carbonate compensation depth (CCD).
Below the CCD, calcareous sediments dissolve and will not accumulate. The lysocline represents the depths where the rate of
dissolution increases dramatically (PW).

Much of the rest of the deep ocean floor (about 38%) is dominated by abyssal clays. This is not so much a result of an abundance

of clay formation, but rather the lack of any other types of sediment input. The clay particles are mostly of terrestrial origin, but
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because they are so small they are easily dispersed by wind and currents, and can reach areas inaccessible to other sediment types.
Clays dominate in the central North Pacific, for example. This area is too far from land for coarse lithogenous sediment to reach, it
is not productive enough for biogenous tests to accumulate, and it is too deep for calcareous materials to reach the bottom before
dissolving. Because clay particles accumulate so slowly, the clay-dominated deep ocean floor is often home to hydrogenous
sediments like manganese nodules. If any other type of sediment was produced here it would accumulate much more quickly and
would bury the nodules before they had a chance to grow.

This page titled 3.6: Sediment Distribution is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.
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CHAPTER OVERVIEW

4: Salinity, Temperature, and Density in the Ocean

@b Learning Objectives

After reading this chapter you should understand:

o some of the unique properties of water

e how salinity is measured and calculated

o the major ions in seawater and the rule of constant proportions

o how salinity and temperature change with depth and latitude in the ocean

o how to draw depth profiles and label features such as the mixed layer and the -clines
o how density is related to temperature, pressure, and salinity

o the relationship between depth and pressure

4.1: Properties of Water
4.2: Ocean Salinity
4.3: Ocean Temperature

4.4: Ocean Density and Pressure
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curated by Tasha Gownaris via source content that was edited to the style and standards of the LibreTexts platform.



https://libretexts.org/
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/04%3A_Salinity_Temperature_and_Density_in_the_Ocean/4.01%3A_Properties_of_Water
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/04%3A_Salinity_Temperature_and_Density_in_the_Ocean/4.02%3A_Ocean_Salinity
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/04%3A_Salinity_Temperature_and_Density_in_the_Ocean/4.03%3A_Ocean_Temperature
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/04%3A_Salinity_Temperature_and_Density_in_the_Ocean/4.04%3A_Ocean_Density_and_Pressure
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/04%3A_Salinity_Temperature_and_Density_in_the_Ocean
https://creativecommons.org/licenses/by/4.0
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/04%3A_Salinity_Temperature_and_Density_in_the_Ocean?no-cache
https://rwu.pressbooks.pub/webboceanography

LibreTexts"

4.1: Properties of Water

What makes water so special?

The most obvious feature of the oceans is that they contain water. Water is so ubiquitous that it may not seem like a very interesting
substance, but it has many unique properties that impact global oceanographic and climatological processes. Many of these
processes are due to hydrogen bonds forming between water molecules.

L}
Ll

Figure 4.1.1 Hydrogen bonds (dashed lines) between water molecules. Oxygen atoms are shown in red, hydrogen atoms in white
(Public domain, via Wikimedia Commons).

The water molecule consists of two hydrogen atoms and one oxygen atom. The electrons responsible for the bonds between the
atoms are not distributed equally throughout the molecule, so that the hydrogen ends of water molecules have a slight positive
charge, and the oxygen end has a slight negative charge, making water a polar molecule. The negative oxygen side of the molecule
forms an attraction to the positive hydrogen end of a neighboring molecule. This rather weak force of attraction is called a
hydrogen bond (Figure 4.1.1). If not for hydrogen bonds, water would vaporize at -68° C, meaning liquid water (and thus life) could
not exist on Earth. These hydrogen bonds are responsible for some of water’s unique properties:

1. Water is the only substance to naturally exist in a solid, liquid, and gaseous form under the normal range of temperatures and
pressures found on Earth. This is due to water’s relatively high freezing and vaporizing points (see below).

2. Water has a high heat capacity, which is the amount of heat that must be added to raise its temperature. Specific heat is the heat
required to raise the temperature of 1 g of a substance by 1° C. Water has the highest specific heat of any liquid except ammonia
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(Table 5.1.1).

Water is therefore one of the most difficult liquids to heat or cool; it can absorb large amounts of heat without increasing its
temperature. Remember that temperature reflects the average kinetic energy of the molecules within a substance; the more vigorous
the motion, the higher the temperature. In water, the molecules are held together by hydrogen bonds, and these bonds must be
overcome to allow the molecules to move freely. When heat is added to water the energy must first go to breaking the hydrogen
bonds before the temperature can begin to rise. Therefore, much of the added heat is absorbed by breaking H bonds, not by
increasing the temperature, giving water a high heat capacity.

Hydrogen bonds also give water a high latent heat; the heat required to undergo a phase change from solid to liquid, or liquid to
gas. The latent heat of fusion is the heat required to go from solid to liquid; 80 cal/g in the case of ice melting to water. Ice is a
solid because hydrogen bonds hold the water molecules into a solid crystal lattice (see below). As ice is heated, the temperature
rises up to 0° C. At that point, any additional heat goes to melting the ice by breaking the hydrogen bonds, not to increasing the
temperature. So as long as ice is present, the water temperature will not increase. This is why your drink will remain cold as long as
it contains ice; any heat absorbed goes to melting the ice, not to warming the drink.

When all of the ice is melted, additional heat will increase the temperature of the water 1° C for each calorie of heat added, until it
reaches 100° C. At that point, any additional heat goes to overcoming the hydrogen bonds and turning the liquid water into water
vapor, rather than increasing the water temperature. The heat required to evaporate liquid water into water vapor is the latent heat
of vaporization which has a value of 540 cal/g (Figure 4.1.2).

Latent heat of vaporization (540 cal/g)
[ | '. Water vapor
100
[8)
L5
bt
-
w©
b Latent heat L|qu|d water
g- of fusion
80 cal
E ( fg}
0 -
Ice

Heat absorbed (cal/g)

Figure 4.1.2 Latent heat required for phase changes in water. Latent heat of fusion is the heat required to melt ice (80 cal/g), and
latent heat of vaporization is the heat required to turn liquid water into water vapor (540 cal/g) (PW).

The high heat capacity of water helps regulate global climate, as the oceans slowly absorb and release heat, preventing rapid swings
in temperature (see section 8.1). It also means that aquatic organisms aren’t as subjected to the same rapid temperature changes as
terrestrial organisms. A deep ocean organism may not experience more than a 0.5° C change in temperature over its entire life,
while a terrestrial species may encounter changes of more than 20° C in a single day!
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3. Water dissolves more substances than any other liquid; it is a “universal solvent”, which is why so many substances are
dissolved in the ocean. Water is especially good at dissolving ionic salts; molecules made from oppositely charged ions such as
NaCl (Na* and CI"). In water, the charged ions attract the polar water molecules. The ions get surrounded by a layer of water
molecules, weakening the bond between the ions by up to 80 times. With the bonds weakened between ions, the substance
dissolves (Figure 4.1.3).

@@

Water Molecule

Figure 4.1.3 Attraction between polar water molecules and charged ions (such as in NaCl) is greater than the attraction between the
charged ions, causing the ions to dissociate and the salt to dissolve (PW).

4. The solid phase of water is less dense than the liquid phase. In other words, ice floats. Most substances are denser in the solid
form than in the liquid form, as their molecules are more closely packed together as a solid. Water is an exception: the density of
fresh water is 1.0 g/cm?, while the density of ice is 0.92 g/cm®, and once again, this is due to the action of hydrogen bonds.

As water temperature cools the molecules slow down, eventually slowing enough that hydrogen bonds can form and hold the water
molecules in a crystal lattice. The molecules in the lattice are spaced farther apart than the molecules in liquid water, which makes
ice less dense than liquid water (Figure 4.1.4). This is familiar to anyone who has ever left a full water bottle in the freezer, only to
have it burst as the water freezes and expands.
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Figure 4.1.4 Crystal lattice structure of ice, showing water molecules held together by hydrogen bonds (By Adam001d (Own work)
[CC BY-SA 3.0], via Wikimedia Commons).

But the relationship between temperature and water density is not a simple linear one. As water cools, its density increases as
expected, as the water molecules slow down and get closer together. However, fresh water reaches its maximum density at a
temperature of 4° C, and as it cools beyond that point its density declines as the hydrogen bonds begin to form and the
intermolecular spacing increases (Figure 4.1.5 inset). The density continues to decline until the temperature reaches 0° C and ice
crystals form, reducing the density dramatically (Figure 4.1.5).
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Figure 4.1.5 As temperature declines, the density of water increases until it reaches maximum density at 4° C (inset). Density then
declines slightly down to 0° C, where it declines dramatically as ice crystals form (Klaus-Dieter Keller, [CC BY-SA 3.0], via
Wikimedia Commons).

There are a number of important implications to ice being less dense than water. Ice floating on the surface of the ocean helps
regulate ocean temperatures, and therefore global climate, by influencing the amount of sunlight that is reflected rather than
absorbed (see section 8.1). On a smaller scale, surface ice can prevent lakes and ponds from freezing solid during the winter. As
fresh surface water cools, the water gets denser, and sinks to the bottom. The new surface water then cools and sinks, and the
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process is repeated in what is referred to as overturning, with denser water sinking and less dense water moving to the surface
only to be cooled and sink itself. In this way, the entire body of water is cooled somewhat evenly. This process continues until the
surface water cools below 4° C. Below 4° C, the water becomes less dense as it cools, so it no longer sinks. Instead, it remains as
the surface, getting colder and less dense, until it freezes at 0° C. Once fresh water freezes, the ice floats and insulates the rest of
the water beneath it, reducing further cooling. The densest bottom water is still at 4° C, so it does not freeze, allowing the bottom of
a lake or pond to remain unfrozen (which is good news for the animals living there) no matter how cold it gets outside.

The dissolved salts in seawater inhibit the formation of the crystal lattice, and therefore make it harder for ice to form. So seawater
has a freezing point of about -2° C (depending on salinity), and freezes before a temperature of maximum density is reached. Thus
seawater will continue to sink as it gets colder, until it finally freezes.

5. Water has a very high surface tension, the highest of any liquid except mercury (Table 5.1.2). Water molecules are attracted to
each other by hydrogen bonds. For molecules not at the water surface, they are surrounded by other water molecules in all
directions, so the attractive forces are evenly distributed in all directions. But for molecules at the surface there are few adjacent
molecules above them, only below, so all of the attractive forces are directed inwards, away from the surface (Figure 4.1.6). This
inwards force is what causes water droplets to take on a spherical shape, and water to bead up on a surface, as the spherical shape
provides the minimum possible surface area. These attractive forces also cause the surface of the water to act like an elastic “skin”
which allows things like insects to sit on the water’s surface without sinking.

Figure 4.1.6 The net attractive force between molecules at the surface is inwards, leading to surface tension. For molecules in the
center, the force is

This page titled 4.1: Properties of Water is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.
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4.2: Ocean Salinity

What exactly is "salinity"?

All of the salts and ions that dissolve in seawater contribute to its overall salinity. Salinity of seawater is usually expressed as the
grams of salt per kilogram (1000 g) of seawater. On average, about 35 g of salt is present in each 1 kg of seawater, so we say that
the average salinity of the ocean salinity is 35 parts per thousand (ppt). Note that 35 ppt is equivalent to 3.5% (parts per hundred).
Some sources now use practical salinity units (PSU) to express salinity values, where 1 PSU = 1 ppt. The units are not included, so
we can refer simply to a salinity of 35.

Many different substances are dissolved in the ocean, but six ions comprise about 99.4% of all the dissolved ions in seawater.
These six major ions are (Table 5.3.1):

Sea salts Sea water

Water
96.5 % (965 g)

Sulfate
7.7% (2.7 g)

Calcium Magnesium
1.2 % (0.42 g) 3.7%(1.3g) Salt
Potassium Minor constituents 3.5% (35 q)
1.1% (0.39 g) 0.7 % (0.25 9) Quantities in relation to 1 kg or 1 lire of sea water

Figure 4.2.1 The relative proportions of ions in seawater. (By derivative work: Tcncv (talk) Sea_salt-e_hg.svg: Hannes Grobe,
Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany; SVG version by Stefan Majewsky (Sea_salt-
e_hg.svg) [CC BY-SA 2.5], via Wikimedia Commons)

Chloride and sodium, the components of table salt (sodium chloride NaCl), make up over 85% of the ions in the ocean, which is
why seawater tastes salty (Figure 4.2.1). In addition to the major constituents, there are numerous minor constituents;
radionucleotides, organic compounds, metals etc. These minor constituents are found in concentrations of ppm (parts per million)
or ppb (parts per billion), unlike the major ions that are far more abundant (ppt) (Table 5.3.2). To put this into perspective, 1 ppm =
1 mg/kg, or the equivalent of 1 teaspoon of sugar dissolved in 14,000 cans of soda. 1 ppb = 1 pg/kg, or the equivalent of 1 teaspoon
of a substance dissolved in five Olympic-sized swimming pools! These minor constituents represent numerous substances, but
together they make up less than 1% of the ions in the seawater. Some of these may be important as minerals and trace elements
vital to living organisms, but they don’t have much impact on the overall salinity. But given the vast size of the oceans, even
materials found in trace abundance can represent fairly large reservoirs. For example gold is a trace element in seawater, found in
concentrations of parts per trillion, yet if you could extract all of the gold in just one km? of seawater, it would be worth about $20
million!

Because the six major ions in seawater comprise over 99% of the total salinity, changes in abundance of the minor constituents
have little effect on overall salinity. Furthermore, the rule of constant proportions states that even though the absolute salinity of
ocean water might differ in different places, the relative proportions of the six major ions within that water are always constant. For
example, no matter the total salinity of a seawater sample, 55% of the total salinity will be due to chloride, 30% due to sodium, and
so on. Since the proportion of these major ions does not change, we call these conservative ions.
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Conservative Elements are those whose concentration is relatively constant across the ocean, both vertically and horizontally.
This category would include the major ions in seawater, such as sodium or chloride, which have very long residence times and
whose concentration only changes through the addition or removal of fresh water (see section 5.3).

Nutrient-like Elements have a distribution similar to the profile we described for nitrate in the previous section.
Concentrations of these substances are low at the surface, as they are rapidly used up by biological processes. Below the photic
zone, concentrations of these materials will increase, as decomposition by bacteria cycles them back into the water column.

Scavenged Elements are those that react with other particles and are adsorbed to the particle surface. When the particles sink,
those elements are removed to the sediment. Scavenged profiles generally show higher abundance at the surface, where the
materials will enter the ocean, but declining levels with depth as they are removed by the sinking particles. This profile is
common for metals, such as aluminum or lead.

Stable Gases dissolve into the ocean from the atmosphere. Because these substances are not very reactive, the ocean water
becomes saturated with these gases. Since solubility of a gas increases in colder water, these gases are often found in greater
concentrations in deep, cold water, and in lower concentrations in warmer surface water.

Given the constant proportions of the ions that make up salinity, to calculate total salinity you can simply measure the
concentration of just one of the major ions and use that value to calculate the rest. Traditionally chloride has been the ion measured
because it is the most abundant, and thus the simplest to measure accurately. Multiplying the concentration of chloride by 1.8 gives
the total salinity. For example, looking at Figure 4.2.1, 19.25 g/kg (ppt) chloride x 1.8 = 35 ppt. Today, for rapid measurements of
salinity, electrical conductivity is often used rather than determining chloride concentrations (see box below).

X Measuring Salinity

There are a number of methods available for measuring the salinity of water. The most precise measurements utilize direct
chemical analysis of the seawater in a lab setting, but there are a number of ways to get immediate salinity measurements in the
field. For a quick estimate of salinity, a hand-held refractometer can be used (right).

7

| o5y EESEIREEY
\ ¢ y

Handheld refractometer (Photo by CEphoto, Uwe Aranas / CC-BY-SA-3.0 via Wikimedia Commons)

This instrument measures the degree of bending, or refraction, of light rays as they pass through a fluid. The greater the amount
of dissolved salts in the sample, the greater the degree of light refraction. The observer traps a drop of water on the blue screen,
and looks through the eyepiece. The dividing line between the blue and white sections of the scale (inset) can be used to read
the salinity.

For more accurate measurements, most oceanographers use an instrument that measures electrical conductivity. An electrical
current is passed between two electrodes immersed in water, and the higher the salinity, the more readily the current will be
conducted (the ions in seawater conduct electrical currents). Conductivity probes are often bundled into an instrument called a
CTD, which stands for Conductivity, Temperature, and Depth, which are the most commonly-measured parameters. Modern
CTDs can be outfitted with an array of probes measuring parameters like light, turbidity (water clarity), dissolved gases etc.
CTDs can be large instruments (below), but small hand-held salinity probes are also widely available.
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Left: The inner workings of a CTD. An array of different probes are attached. Right: A CTD in a protective cage ready to be
deployed at sea. (Left: Hannes Grobe [CC BY 3.0 (https://creativecommons.org/licenses/by/3.0)]; Right: © Hans Hillewaert
(CC BY-SA 4.0) via Wikimedia Commons)

For large-scale salinity measurements, oceanographers can use satellites, such as the Aquarius satellite, which was able to
measure surface salinity differences as small as 0.2 PSU as it mapped the ocean surface every seven days (below).

Aguarius

(NASA, Public Domain)

It is important to be aware that while the rule of constant proportions applies to most of the ocean, there may be certain coastal
areas where lots of river discharge may alter these proportions slightly. Furthermore, it is important to remember that the rule of
constant proportions only applies to the major ions. The proportions of the minor ions may fluctuate, but remember that they make
a very minor contribution to overall salinity. Because the concentrations of the minor ions are not constant, these are referred to as
non-conservative ions.

Why are the major ions found in constant proportions? There is constant input of ions from river runoff and other processes,
usually in very different proportions from what is found in the ocean. So why don’t the proportions in the oceans change? Most of
the ions discharged by rivers have fairly low residence times compared to ions in seawater, usually because they are used in
biological processes. These low residence times do not allow the ions to accumulate and alter salinity. Also, the mixing time of the
world ocean is around 1000 years, which is very short compared to the residence times of the major ions, which may be tens of
millions of years long. So during the residence time of a single ion the ocean has mixed numerous times, and the major ions have
become evenly distributed throughout the ocean.

Variations in Salinity

Total salinity in the open ocean averages 33-37 ppt, but it can vary significantly in different locations. But since the major ion
proportions are constant, the regional salinity differences must be due more to water input and removal rather than the addition or
removal of ions. Fresh water input comes through processes like precipitation, runoff from land, and melting ice. Fresh water
removal primarily comes from evaporation and freezing (when seawater freezes, the resulting ice is mostly fresh water and the salts
are excluded, making the remaining water even saltier). So differences in rates of precipitation, evaporation, river discharge, and
ice formation play a significant role in regional salinity variations. For example, the Baltic Sea has a very low surface salinity of
around 10 ppt, because it is a mostly enclosed body of water with lots of river input. Conversely, the Red Sea is very salty (around
40 ppt), due to the lack of precipitation and the hot environment which leads to high levels of evaporation.

One of the saltiest large bodies of water on Earth is the Dead Sea, between Israel and Jordan. Salinity in the Dead Sea is around
330 ppt, which is almost ten times saltier than the ocean. This extremely high salinity is a result of the hot, arid conditions in the
Middle East that lead to high rates of evaporation. In addition, in the 1950s the flow from the Jordan River was diverted away from
the Dead Sea, so there is no longer significant fresh water input. With no input and high evaporation, the water level in the Dead
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Sea is receding at a rate of about 1 m per year. The high salinity makes the water very dense, which creates buoyant forces that
allow people to easily float at the surface. But the high salinity also means that the water is too salty for most living organisms, so
only microbes are able to call it home; hence the name the Dead Sea. But as salty as the Dead Sea may be, it is not the saltiest body
of water on Earth. That distinction currently belongs to Gaet’ale Pond in Ethiopia, with a salinity of 433 ppt!

Latitudinal Variations

While local conditions are important for determining salinity patterns in any single location, there are some global patterns that
bear further investigation. Temperature is highest at the equator, and lowest near the poles, so we would expect higher rates of
evaporation, and therefore higher salinity, in equatorial regions (Figure 4.2.2). This is generally the case, but in the figure below
salinity right along the equator seems to be a little lower than at slightly higher latitudes. This is because equatorial regions also get
a high volume of rain on a regular basis, which dilutes the surface water along the equator. So the higher salinities are found at
subtropical, warm latitudes with high evaporation and less precipitation. At the poles there is little evaporation, which, coupled with
ice and snow melting, produces a relatively low surface salinity. The image below shows high salinity in the Mediterranean Sea;
this is located in a warm region with high evaporation, and the sea is largely isolated from mixing with the rest of the North
Atlantic water, leading to high salinity. Lower salinities, such as those around southeast Asia, are the result of precipitation and
high volumes of river input.

31 32 33 34 35 36 37 38 39
Sea—surface salinity [PSU]

Figure 4.2.2 Annual mean global sea surface salinity (Data from World Ocean Atlas 2009. By Plumbago — Own work, [CC BY-SA

3.0], via Wikimedia Commons).

Figure 4.2.3 shows the mean global differences between evaporation and precipitation (evaporation — precipitation). Green colors
represent areas where precipitation exceeds evaporation, while brown regions are where evaporation is greater than precipitations.
Note the correlation between precipitation, evaporation, and surface salinity as seen in Figure 4.2.2.
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Figure 4.2.3 Annual mean global differences in evaporation and precipitation (J.Fasullo. National Center for Atmospheric Research
Staff (Eds). “The Climate Data Guide: ERA-Interim: derived components.” Retrieved from
https://climatedataguide.ucar.edu/cl...ved-components).

Variation with Depth

In addition to geographical variation in salinity, there are also changes in salinity with depth. As we have seen, most differences in
salinity are due to variations in evaporation, precipitation, runoff, and ice cover. All of these process occur at the ocean surface, not
at depth, so the most pronounced differences in salinity should be found in surface waters. Salinity in deeper water remains
relatively uniform, as it is unaffected by these surface processes. Some representative salinity profiles are shown in Figure 4.2.4. At
the surface, the top 200 m or so show relatively uniform salinity in what is called the mixed layer. Winds, waves, and surface
currents stir up the surface water, causing a great deal of mixing in this layer and fairly uniform salinity conditions. Below the
mixed layer is an area of rapid salinity change over a small change in depth. This zone of rapid change is called the halocline, and
it represents a transition between the mixed layer and the deep ocean. Below the halocline, salinity may show little variation down
to the seafloor, as this region is far removed from the surface processes that impact salinity. In the figure below, note the low

surface salinity at high latitudes, and higher surface salinity at low latitudes as discussed above. Yet despite the surface differences,
salinity at depth in both locations may be very similar.
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Figure 4.2.4 Haloclines for tropics, subtopics and polarlatitudes from surface mixed layer to deep ocean depth.

This page titled 4.2: Ocean Salinity is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via source
content that was edited to the style and standards of the LibreTexts platform.

o 5.3: Salinity Patterns by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
e 5.7: Classifying Elements in Seawater by Paul Webb is licensed CC BY 4.0. Original source:
https://rwu.pressbooks.pub/webboceanography.

https://geo.libretexts.org/@go/page/49906


https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49906?pdf
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/04%3A_Salinity_Temperature_and_Density_in_the_Ocean/4.02%3A_Ocean_Salinity
https://creativecommons.org/licenses/by/4.0
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/04%3A_Salinity_Temperature_and_Density_in_the_Ocean/4.02%3A_Ocean_Salinity?no-cache
https://rwu.pressbooks.pub/webboceanography
https://geo.libretexts.org/@go/page/4496
https://www.rwu.edu/academics/schools-and-colleges/fssns/faculty/paul-m-webb
https://creativecommons.org/licenses/by/4.0/
https://rwu.pressbooks.pub/webboceanography
https://geo.libretexts.org/@go/page/4500
https://www.rwu.edu/academics/schools-and-colleges/fssns/faculty/paul-m-webb
https://creativecommons.org/licenses/by/4.0/
https://rwu.pressbooks.pub/webboceanography

LibreTexts*

4.3: Ocean Temperature

Variation in Ocean Temperature

Generally ocean temperatures range from about -2° to 30° C (28-86° F). Temperature of surface waters vary with latitude with the
warmest surface waters found at low latitudes, while the surface water at the poles is much colder (Figure 4.3.1). In low latitude
(tropical) and mid-latitude (temperate) regions, the temperature of seawater decreases with depth. In high latitude (polar) regions,
there is little change in temperature from surface to depth.

annual sea-surface temperature |°C)
= v E:

| SR

o 5 n 15 0 5

Figure 4.3.1 Global average annual sea surface temperature (Stephen Earle, “Physical Geology”).

A typical temperature profile for open ocean, mid-latitude water is shown in Figure 4.3.2. Water is warmest at the surface, as it is
warmed by the sun, and the sun’s rays can only penetrate depths less than 1000 m. Temperature is fairly constant in the upper 100-
200 m in what is called the mixed layer. The mixed layer results from surface winds, waves, and currents that mix the upper water
and distribute the heat throughout this layer, therefore the depth of the mixed layer can change with the seasons. For instance,
during the winter months at mid-latitudes winter storms mix the surface water more than in the summer, creating a deeper mixed
layer. The mixed layer overlies the thermocline, where temperature decreases rapidly with depth. Beneath the thermocline,
temperature is homogenous and cold. Below the thermocline the deep ocean temperature is fairly constant at about 2° C, continuing
down to the bottom. There is little temperature change in the deep ocean, as it is far removed from significant heat sources, making
it one of the most thermally stable regions on earth. Temperature may fluctuate by less than half a degree per year in the deep ocean
(Figure 4.3.3). So, even though surface water can be quite warm, most of the water in the oceans is deeper, colder water, so that the
average temperature of the entire ocean is about 4° C, which is roughly the temperature inside your refrigerator.
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Figure 4.3.2 Typical open ocean temperature profile for a mid-latitude region, showing the mixed layer, steep thermocline, and
relatively stable temperature at depth (Public domain via Wikimedia Commons).
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Figure 4.3.3 Temperature profile across the Atlantic Ocean from the coast of Florida to the coast of Africa (inset). There is rapid
temperature change near the surface in the thermocline zone, but the deep water temperature is fairly stable (eWOCE,
http://www.ewoce.org/gallery/eWOCE_T....html#Atlantic).

Depth Profiles Vary with Latitude

Temperature profiles vary at different latitudes, as the surface water is warmer near the equator and colder at the poles. In low
latitude tropical regions the sea surface is much warmer, leading to a highly pronounced thermocline (Figure 4.3.4). Additionally,
there is not much seasonal change in surface temperature in tropical regions, so there is little seasonal change in the profiles. In
high latitude (polar) regions, there is little difference between the surface temperature and the deep water temperature, and
temperature is fairly constant (and cold) at all depths. Polar waters therefore lack a strong thermocline, and as with tropical water,
there is little seasonal change in temperatures. Mid-latitude temperate regions show greater seasonal fluctuations in surface
temperature than the poles or the tropics; an 8-15° C difference from summer to winter in temperate zones, compared to only ~2° C
in polar and tropical areas. In temperate regions, the surface water is much warmer in the summer and the thermocline is more
pronounced compared to the winter months. But in the winter the thermocline is deeper at mid-latitudes than it is in the summer.
This is because winter storms churn up the surface water more than occurs in the summer, creating a deeper mixed layer and thus a
deeper thermocline (Figure 4.3.5).
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Figure 4.3.4 Representative temperature profiles for tropical, mid-latitude, and polar regions (PW).
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Figure 4.3.5 In temperate regions, the mixed layer is deeper and the thermocline less pronounced in the winter compared to the
summer (PW).

Due to the high heat capacity of water, daily fluctuations in ocean temperature are fairly insignificant.

This page titled 4.3: Ocean Temperature is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.

e 6.2: Temperature by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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4.4: Ocean Density and Pressure

What is Density?

Density refers to the amount of mass per unit volume, such as grams per cubic centimeter (g/cm®). The density of fresh water is 1
g/cm® at 4° C, but the addition of salts and other dissolved substances increases surface seawater density to between 1.02 and 1.03
g/cm®. There is a complex relationship between temperature, salinity, and density. Most of the variability in seawater density is due
to changes in salinity and temperature. As the salinity of seawater increases, the density increases, due to the change in mass of
dissolved salts in a given volume of water. A change in temperature of seawater results in a change of volume for a given mass of
water. An increase in the temperature of seawater causes the volume of a water parcel to increase and its density to decrease. The
temperature and salinity of seawater can change dramatically with depth, or be pretty stable, depending on many different factors.

The density of seawater can therefore be increased by reducing its temperature, increasing its salinity, or increasing the pressure.
Pressure has the least impact on density as water is fairly incompressible, so pressure effects are not very significant except at
extreme depths. However, if not for the slight compression of water due to pressure, sea level would be approximately 50 m higher
than it is today! That leaves temperature and salinity as the primary factors determining density, and of these, temperature has the
greatest impact (Figure 4.4.1).

Sea-surface density [kg m ]

1020 1021 1022 1023 1024 1025 102 1027 1028
Figure 4.4.1 Global sea surface density. Colder polar regions display higher densities than warmer tropical zones (By Plumbago
(Own work) [CC BY-SA 3.0, or GFDL (http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons).

Seasonal Density Profiles in the North Atlantic

Below you are able to see a dataset of temperature and salinity at the Coastal Pioneer Array for the months of April and October.
You can interact with the data by:

o Select the month to view from the “Select Month” menu below the graphs

o Clicking the profile and hovering your mouse over the profile to view temperature (left) and salinity (center) variables with
depth

o Predicting the corresponding density profile (far right) by clicking on the small blue circles on the dashed line and dragging
them left or right to change the density to what you believe it should be based on the temperature and salinity at that depth

o Check your predictions by clicking the button at the left of “Show Density” below the density profile.
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Density Depth Profiles and Stratification

Since temperature has the greatest effect on density, density profiles are usually mirror images of temperature profiles (Figure
4.4.2). Density is lowest at the surface, where the water is the warmest. As depth increases, there is a region of rapidly increasing
density with increasing depth, which is called the pycnocline. The pycnocline coincides with the thermocline, as it is the sudden
decrease in temperature that leads to the increase in density. Below the pycnocline, density may be fairly constant (as is
temperature), or it may continue to increase slightly towards the bottom.
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Figure 4.4.2 Representative density profile for the open ocean at mid-latitudes. The warm surface water causes a decrease in surface
density (PW).

The profile above represents a stable state, or a high degree of stratification. Water stratification is when water masses with
different properties form layers that act as barriers to water mixing. These layers are arranged according to density, with the less
dense water masses sitting above the more dense layers. Stratification describes the layering of water properties relative to depth.
While density increases with depth, it does not necessarily do so at a constant rate. Layers where properties are changing rapidly
with depth are called “clines”, so where temperature changes quickly is the thermocline, where salinity changes fast is the
halocline, and where density changes rapidly is the pycnocline. Oftentimes, there are regions where there is no change with depth,
and these are called mixed layers. In a stable water column, the density increases with depth. When stable, it takes a lot of energy to
mix water between any two layers. Essentially, the “clines” act as barriers to mixing in a stable water column, and could prevent
nutrient-rich deep water from coming to the surface to support primary production.

If a change in temperature or salinity occurs that results in a layer of dense water being above less dense water, the water column is
unstable and overturning is the result. This is when denser water sinks until it reaches a depth that is of the same density (called an
isopycnal), and less dense water rises to replace it. Overturn is common in polar regions, due to the extremely cold temperatures
and the formation of sea ice, which both increase the density of surface waters. An unstable water column in polar regions is the
main driver of thermohaline circulation, which affects climate. Overturn in the water column caused by variations in density can
affect timing, magnitude, and location of biological productivity

https://geo.libretexts.org/@go/page/49914


https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49914?pdf

LibreTexts"

Drag the words into the correct boxes

A water column would have a high degree of stratification
, whereas a water column would unstable
have a layer of dense water above stable
dense water.
more
less
® Check °
[
£ Reuse <> Embed H?

As with temperature, there are also latitudinal differences in density. In the tropics the surface water is warm and low density, and
there is a pronounced thermocline separating it from the colder, denser deep water. As stated above, this stratification prevents
nutrient-rich water from reaching the surface and as a result tropical regions often have low productivity. In the high latitudes the
water is uniformly cold at all depths, so there is little density stratification. The lack of a pycnocline (or a thermocline) allows cold,
nutrient-rich deep water to more easily mix with the surface water, leading to higher primary production in polar regions.

Exploring the Relative Effects of Salinity and Temperature

Seawater density varies by location and with depth because it is affected by both salinity and temperature (and pressure too, but the
water molecule is nearly incompressible). Recall that temperature and density have an inverse relationship — as temperature
decreases, density increases, while salinity and density have a direct relationship — as salinity increases, density also increases.

Below, you can compare temperature, salinity, and density profiles at two different locations over a year period, and be able to
isolate the influence of just one variable (temperature or salinity) on density by holding one of the variables (temperature or
salinity) constant. After exploring these data, check your knowledge in the exercises below (blue boxes).

You are able to see a dataset of temperature, salinity and density data for two ocean locations. You can interact with the data by:

e Zooming in and out of the data to look at different time scales that interest you by using the sliders (white rectangles with black
lines) at the bottom of the graph back and forth. This will change the width of the highlighted section corresponding to different
time intervals. Note when you first open the page, all of the available data is highlighted.

e Showing calculated density (in red) by either holding temperature or salinity constant.

¢ Selecting which location to show

https://geo.libretexts.org/@go/page/49914
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? Exercise 4.4.1

Does temperature or salinity have more of a controlling effect on seawater density in the Irminger Sea (sub-polar)? Explain
how you came to this conclusion.

Answer

Temperature has a greater impact. Although lower density water occurs when salinity is lower, it also occurs when
temperature is higher. If you hold salinity constant, you can still see the same magnitude of variation in the density. If you
hold temperature constant, density varies much less.

https://geo.libretexts.org/@go/page/49914
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? Exercise 4.4.2

Does temperature or salinity have more of a controlling effect on seawater density at the Coastal Pioneer mooring (temperate
region)? Explain how you came to this conclusion.

Answer

Temperature has a greater impact. Density does not seem to show the same pattern as salinity, and the pattern in density is
lost when temperature is held constant.

? Exercise 4.4.3
How would you describe the relationship between temperature and density at the two locations?

Answer

Temperature and density show an inverse relationship (higher temp = lower density, lower temp = higher density)

Pressure in the Ocean

When we talk about pressure in the ocean, we are referring to hydrostatic pressure, which is a result of the weight of the water
column pressing down on an object due to gravity. The deeper you go, the more water that is above you, and the greater the weight
(and thus pressure) of that water. At the surface we experience one atmosphere of pressure (1 atm = 101.3 kPa) due to the weight of
the atmosphere above us. As you descend into the ocean, pressure increases linearly with depth; there is an increase in pressure of 1
atm for every 10 m increase in depth. So at 1000 m depth the pressure would be 101 atm (100 atm of pressure due to the 1000 m
depth, plus the 1 atm that is present at the surface).

There are several important consequences of high pressure at depth. First, due to Boyle's Law, which states that the volume of a gas
is inversely related to pressure, high pressure will act to compress air spaces, such as the lungs of a diving animal (or person), or
the space inside a submarine. Submarines and submersibles must therefore have very strong hulls to resist this compression at
extreme depths. Second, Henry's Law provides that at higher pressures a fluid will contain more dissolved gas. As seen in section
5.4, this means that deeper, high pressure water may contain more dissolved gases than surface water.

This also has implications for human divers. According to Henry’s Law, if you increase pressure, you increase the amount of gas
that can dissolve in a fluid (such as blood). Conversely, when you reduce pressure, the fluid holds less dissolved gas, and the excess
gas will leave the solution, often in the form of bubbles. This is what happens when you open a bottle of a carbonated beverage.
The contents in the bottle are sealed under pressure, and as you open the bottle, you release the pressure, and the fluid can no
longer hold all of the CO, that was dissolved in it, so the CO, escapes, forming bubbles. Decompression sickness, or “the bends”
occurs in SCUBA divers if they ascend too quickly after breathing compressed air. A slow ascent allows this excess gas to be
removed from the blood and exhaled, but if the diver ascends too quickly, these gases will come out of solution and form bubbles
in the blood that congregate near the joints, causing intense pain and perhaps death.

This page titled 4.4: Ocean Density and Pressure is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha
Gownaris via source content that was edited to the style and standards of the LibreTexts platform.

e 6.3: Density by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
e 6.1: Pressure by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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CHAPTER OVERVIEW

5: C02, 02, and the Ocean

@b Learning Objectives

After reading this chapter you should understand:

past and current patterns in atmospheric and oceanic CO> concentrations

the scale of natural vs. current variability in CO; concentrations

the processes that regulate dissolved gases in the ocean, both biological and physical

how to draw and interpret depth profiles of O (oxygen), CO> (carbon dioxide), and nutrients
the impact of on elevated levels of CO, on ocean pH and marine organisms

the mechanisms and causes of the greenhouse effect and global warming

how the curvature of the Earth results in differential heating of the surface

the role played by albedo in radiation reaching the Earth

the potential impacts of climate change on ocean ecosystems

Opyster larvae and acidification by Oregon State University is published as CC BY-SA 2.0 on flickr.

The image above shows one-day old oyster larvae raised in a shellfish hatchery in Washington. Though these two larvae share the

same
more

parents, they look quite different. Why? The smaller, more “ragged” oyster larvae on the right was raised in lower pH, or
acidic waters. The recent decline in ocean pH has the same ultimate drivers as climate change: a rapid increase in atmospheric

COs2. These changes can have wide-ranging impacts on marine life.

This chapter will introduce you to the processes that impact CO> in the ocean, to the role that the ocean plays in regulating

atmospheric CO», and to the impacts that elevated CO; can have on ocean ecosystems.

5.1:
5.2:
5.3:
5.4:
5.5:
5.6:

Measuring Past and Current CO2 Concentrations
Biological and Physical Processes Impacting CO2
Profiles of Carbon Dioxide, Oxygen, and Nutrients
CO2 and Ocean Acidification

Earth’s Heat Budget

Climate Change
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5.1: Measuring Past and Current CO2 Concentrations

How do Scientists Measure Current Atmospheric CO, Concentrations?

We track long-term changes in atmospheric COz2 using the Keeling Curve, which represents CO2 concentrations measured in Mauna Loa in Hawaii. The Keeling Curve below, named after Charles
David Keeling, highlights temporal patterns, or patterns across time, in COz concentrations at both long-term (across years) and short-term (within years) scales.
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Carbon dioxide concentrations at Mauna Loa Observatory by NOAA is licensed under the Public Domain. Original Source.
Note: Due to the eruption of the Mauna Loa Volcano, measurements from Mauna Loa Observatory were suspended as of Nov. 29, 2022. Observations from December 2022 to July 4, 2023 are from a site

+ Behind the Scientist 5.1.1

It was 1953, and Charles David Keeling was a post-doctoral researcher in Pasadena, California. While his research focused on nuclear power, he became interested in carbonate chemistry and
decided to go on a side quest: he started taking CO2 measurements under varying conditions — along industrialization gradients, at the tops of mountains and in temperate rainforests, during the
night and during the day, and in different seasons. Dr. Keeling never stopped taking these measurements and later that decade he received funding to install continuous CO2 monitors at Mauna
Loa, Hawaii. The resulting dataset has become the longest-running time series of CO2 data in the world and has been integral to our understanding of the natural and anthropogenic drivers of
COz. The Keeling Curve showcases the impact that one person can have on science and the importance of collecting long-term datasets.

The video below shows the process by which scientists measure atmospheric COz over time.

HOW SCIENTISTS MEASURE
CARBON DIOXIDE IN THE AIR

Watch on @@ YouTube

HOW SCIENTISTS MEASURE
CARBON DIOXIDE IN THE AIR

https://geo.libretexts.org/@go/page/5077
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How do Scientists Know Ancient-Earth CO, Concentrations?

The most direct method for measuring atmospheric carbon dioxide concentrations for periods before instrumental sampling is to measure bubbles of air (fluid or gas inclusions) trapped in
the Antarctic or Greenland ice sheets. The most widely accepted of such studies come from a variety of Antarctic cores and indicate that atmospheric CO, concentrations were about 260—280 ppm
immediately before industrial emissions began and did not vary much from this level during the preceding 10,000 years. The longest ice core record comes from East Antarctica, where ice has been
sampled to an age of 800,000 years. During this time, the atmospheric carbon dioxide concentration has varied between 180 and 210 ppm during ice ages, increasing to 280-300 ppm during
warmer interglacial periods. This core is known as the "Vostock Ice Core" and was drilled at Russia's Vostock Station in East Antarctica in collaboration with the United States and France.
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Modified From: Over 400,000 years of ice core data: Graph of CO; (green), reconstructed temperature (blue) and dust (red) from the Vostok ice core. Available with a CC-BY-SA 3.0 License.

Natural vs. Current Variation in CO»

Natural increases in carbon dioxide concentrations have periodically warmed Earth’s temperature during ice age cycles over the past million years or more. The warm episodes (interglacials) began
with a small increase in incoming sunlight in the Northern Hemisphere summer due to variations in Earth’s orbit around the Sun and its axis of rotation.

That little bit of extra sunlight caused a little bit of warming. As the oceans warmed, they outgassed carbon dioxide—like a can of soda going flat in the heat of a summer day. The extra carbon
dioxide in the atmosphere greatly amplified the initial, solar-driven warming.

Based on air bubbles trapped in mile-thick ice cores and other paleoclimate evidence, we know that during the ice age cycles of the past million years or so, atmospheric carbon dioxide didn't get any
higher than 300 ppm. Before the Industrial Revolution started in the mid-1700s, atmospheric carbon dioxide was 280 ppm or less.

[+ Line graph of paleoclimate atmospheric CO2 levels for the last 800,000 years along with present 2024 levels.

Atmospheric carbon dioxide (CO) in parts per million (ppm) for the past 800,000 years based on ice-core data (light purple line) compared to 2024 concentrations (bright magenta dot). The peaks and
valleys in the line show ice ages (low CO,) and warmer interglacials (higher CO,). Throughout that time, CO; was never higher than 300 ppm (light purple dot, between 300,000 and 400,000 years
ago). The increase over the last 60 years is 100 times faster than previous natural increases. In fact, on the geologic time scale, the increase from the end of the last ice age to the present value of 422.8
ppm (dashed magenta line) looks virtually instantaneous. Graph by NOAA Climate.gov based on data from Liithi, et al., 2008, via NOAA NCEI Paleoclimatology Program.

Predicting Future Concentrations of CO,

If global energy demand continues to grow rapidly and we meet it mostly with fossil fuels, human emissions of carbon dioxide could reach 75 billion tons per year or more by the end of the century.
Atmospheric carbon dioxide amounts could be 800 ppm or higher—conditions not seen on Earth for close to 50 million years.

[@Two graphs with colored lines showing (left) past and different future annual carbon dioxide emissions with diffrent socioeconomic pathways and (right) past and future atmospheric carbon dioxide amounts for those pathways
Possible future pathways for yearly global carbon dioxide emissions (left) and the resulting atmospheric carbon dioxide concentrations (right) through the end of the century. These possible futures are
based on different shared socioeconomic pathways ("SSPs" for short). Each pathway is an internally consistent set of assumptions about future population growth, global and regional economic

activity, and technological advances. Climate models use the pathways to project a range of possible future atmospheric carbon dioxide amounts; for simplicity, the image shows the only the mean
value predicted by the models for each pathway, not the full range of uncertainty. NOAA Climate.gov graphic adapted from figure TS.4 in the IPCC Sixth Assessment Report Technical Summary.
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5.2: Biological and Physical Processes Impacting CO2

Processes Influencing CO, Concentrations on Land

Before we can understand what drives variation in ocean CO2 concentrations, we need to first understand the processes that drive
variation in atmospheric CO, concentrations. The ocean and atmosphere are coupled systems that are constantly exchanging
dissolved gasses that are very important to living organisms, particularly oxygen (O2), carbon dioxide (COz2), and nitrogen (IN2).
The ocean absorbs about 30% of the COz2 that is released in the atmosphere. As levels of atmospheric CO2 increase from human
activity such as burning fossil fuels (e.g., car emissions) and changing land use (e.g., deforestation), the amount of COz absorbed
by the ocean also increases.

? Exercise 5.2.1

6. If you were to create a Keeling curve for the ocean, how do you think it would compare to the curve shown for atmospheric
CO2?

e The CO2 concentration in the ocean would not change at all over time

e The COz2 concentration in the ocean would change faster than the atmospheric CO2 concentration

o The COz2 concentration in the ocean would change slower than the atmospheric CO2 concentration

e The CO2 concentration in the ocean would change at a similar rate to the atmospheric CO2 concentration

Answer

The CO2 concentration in the ocean would change at a similar rate to the atmospheric CO2 concentration

Biological Impacts on COz2 in the Atmosphere

CO:2 is essential for photosynthesis—a biological process through which plants and other photosynthetic organisms use sunlight as
energy to combine carbon dioxide and water to produce sugars (like glucose) and oxygen — substances that all animals need to
survive! Animals (and plants, too!) then break down this sugar through cellular respiration, a process that releases energy for
biological functions and returns COz to the atmosphere.

Now let’s get a bit more comfortable with the basic photosynthesis equation. Given what we’ve discussed so far, do your best to

place the components of this equation in the correct spot.

https://geo.libretexts.org/@go/page/50786
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Plants and other photosynthetic organisms (algae) consume CO: in the surface ocean, where sunlight is readily available, which
mitigates increased CO2 concentrations in the atmosphere. This process also produces oxygen, helping to keep the planet
hospitable for life. The growth of plants and algae varies throughout the year due to seasonal changes in sunlight and nutrients.

Human Population’s Influence on CO2 Concentrations in the Atmosphere
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While COz2 is a naturally occurring and biologically important gas, increased burning of fossil fuels (such as coal and oil) due to
industrialization since the last century has contributed to an atmospheric level of CO2 that Earth has not experienced since roughly
3 million years ago (Lindsey 2025). Deforestation, the cutting down of trees to make way for development or for lumber, also
contributes to rising CO2 levels as we are removing plants which are a natural “sink” of CO2. Every year, human activities are
adding more COz to the atmosphere than is being removed, and so the total amount of COz2 in the atmosphere goes up. These
influences that human beings have on climate or other aspects of nature are known as anthropogenic effects.

The Physical Processes that Link Atmosphere and Ocean

As mentioned above, the ocean and the atmosphere are intimately linked and are constantly exchanging gases like Oz and COz2.
Now we are going to dive a bit deeper into these interactions and discuss how we can tell when the ocean is a sink versus
a source of CO2. The ocean is said to be a sink for CO2 when the net movement of COz2 is from the atmosphere to the ocean (when
the ocean serves as a net absorber of atmospheric COz). The ocean is a source of CO2 when the net movement of COz is from the
ocean to the atmosphere (when the ocean is releasing COz2 to the atmosphere).

Anthropogenic Source
Carbon Dioxide and Sink
take :

biological

upwelling

OCEAN CARBON UPTAKE

WHAT ARE THE PATTERNS OF AIR-SEA CO7 EXCHANGE?

The figure above helps to summarize these interactions within the ocean carbon uptake system. We will learn about the role of
biological processes soon. For now, let’s focus on gas exchange between the atmosphere and ocean. Before we look at some data,
check your understanding of sinks and sources below.

https://geo.libretexts.org/@go/page/50786
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Examining Fluxes at Two Oceanographic Observatories Initiative Sites

The top panel shows COz concentrations in the atmosphere (in gold) and CO2 concentrations in seawater (in blue). The principle of
diffusion states that substances move from areas of higher concentration to areas of lower concentration. If CO2 concentrations in
seawater are higher than CO2 concentrations in the atmosphere, there will be a net movement of CO2 out of the ocean and into the
atmosphere; under those conditions the ocean is a source of COz2.

The bottom panel shows how much CO:z is being transferred from the ocean to the atmosphere — also called the flux of COz from
the ocean to the atmosphere. Positive flux values indicate that COz is moving from the ocean to the atmosphere and that the ocean
is a source of CO2. Negative flux values indicate the opposite: that COz is moving from the atmosphere into the ocean and that the
ocean is a sink for COz. Negative flux occurs when CO2z concentrations in seawater are lower than CO2 concentrations in the
atmosphere. During the time period shown, atmospheric CO2 was approximately 405 ppm. First review your understanding of flux
and the movement of COz, then analyze the graphs below and answer the questions that follow.
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? Exercise 5.2.2

What are the units for CO, concentration in seawater?

Answer

ppm

? Exercise 5.2.3

If you averaged across the year, do you think that the ocean at these two locations would be a net source or sink for CO2.

Answer

The ocean is a net sink for CO2 (more negative values in the bottom panel than position values)

https://geo.libretexts.org/@go/page/50786
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Solubility, Saturation, and Ocean Gasses

The amount of each gas that can dissolve in the ocean depends on the solubility and saturation of the gas in water. Solubility refers
to the amount of a dissolved gas that the water can hold under a particular set of conditions, which are usually defined as 0° C and
1 atmosphere of pressure. The solubility of a gas increases with increasing pressure, decreased temperature, and decreased
salinity. Saturation refers to the amount of gas currently dissolved in the water, relative to the maximum possible content. If the
water is undersaturated, more gas can dissolve. If the water is saturated or supersaturated, gas may be released. Most atmospheric
gases are saturated in the ocean, but O, and CO, are not saturated because they are rapidly used by living organisms.

5.2: Biological and Physical Processes Impacting CO?2 is shared under a not declared license and was authored, remixed, and/or curated by
LibreTexts.
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5.3: Profiles of Carbon Dioxide, Oxygen, and Nutrients

In addition to being influenced by ocean-atmospheric interactions and by solubility, three of the major gasses in the ocean: oxygen
(02) carbon dioxide (CO2) co-vary. They are linked through the biological process of photosynthesis. As a reminder, plants (both
on land and in the ocean) use carbon dioxide and nutrients (like nitrogen) during photosynthesis and create oxygen and organic
matter. In fact, ocean plants produce ~50% of the oxygen that we breathe! The relationship between oxygen, carbon dioxide, and
nitrogen gas is a bit more complex. Nitrogen gas must first be converted to biologically usable nitrogen (nitrate) before it can be
used in photosynthesis.

Oxygen in the Ocean

Typical oceanic dissolved oxygen profiles are shown in Figure 5.3.1. The shape of the profile is determined by the various
processes that add or remove oxygen from the water at different depths.

Oxygen content is highest at the surface for two main reasons; this is where oxygen dissolves into the ocean from the atmosphere,
and the surface water is where oxygen is produced by phytoplankton through photosynthesis. Respiration is also occurring in the
surface waters, but the rate of photosynthetic oxygen production is greater than the rate of removal through respiration. It should be
noted that even though dissolved oxygen is highest at the surface, there is still far less oxygen in the water than is found in the air.
Well-oxygenated surface water may only contain around 8 mg O,/1, while the air contains 210 mg O,/1.

As depth increases, dissolved oxygen declines, reaching a minimum between a few hundred meters and 1000 m deep, the aptly-
named oxygen minimum layer. At these depths and below, the water is too far removed from the surface for any atmospheric
exchange, and there is not enough light to support photosynthesis, so there is little if any oxygen added to the water. At the same
time, oxygen is removed from the water through the respiration of deep water organisms, and the decomposition of organic
material by bacteria as it sinks to depth.

Below the oxygen minimum layer there is often an increase in dissolved oxygen at the greatest depths. This bottom water is usually
colder than the surface water and is under enormous pressure; as stated above, lower temperatures and higher pressure increase the
solubility of dissolved gases. But there is another reason that bottom water contains more oxygen than mid-water depths that has to
do with the way water circulates throughout the deep ocean. In polar regions, the cold surface water absorbs lots of oxygen. This
cold, oxygen-rich water sinks to the bottom due to its high density, taking the oxygen with it. The oxygen-rich bottom water will
then spend the next thousand years or so moving over the seafloor throughout the major ocean basins. This deep water circulation
is the source of oxygen for bottom-dwelling (benthic) organisms. The oxygen-rich bottom water forms in the polar regions of the
Atlantic, and slowly makes its way to the Pacific, with oxygen being removed for respiration along the way. This is why dissolved

oxygen levels in Pacific deep water are generally lower than in the Atlantic (Figure 5.3.1).
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Figure 5.3.1 Representative dissolved oxygen profiles for the Pacific and Atlantic oceans (PW).
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Figure 5.3.2 Dissolved oxygen profile from a transect across the Atlantic Ocean from Florida to the coast of Africa (inset). The
oxygen minimum layer is visible between 500-1000 m (eWOCE, http://www.ewoce.org/gallery/eWOCE_T... html#Atlantic).
Areas where dissolved oxygen levels are too low to support most life are referred to as hypoxic zones (they are experiencing
hypoxia, or low oxygen). Hypoxia is usually defined as oxygen levels below 2 mg/L. Anoxic zones (anoxia = without oxygen)
show more severe forms of hypoxia, with oxygen below 0.5 mg/L. Some parts of the oceans may experience seasonal or temporary
periods of hypoxia, while in other areas these conditions may last much longer. These hypoxic conditions often lead to mass die-
offs of marine organisms who struggle to survive without sufficient oxygen.
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Carbon Dioxide in the Ocean

Oxygen and carbon dioxide are involved in the same biological processes in the ocean, but in opposite ways; photosynthesis
consumes CO, and produces O, while respiration and decomposition consume O, and produce CO,. Therefore it should not be
surprising that oceanic CO; profiles are essentially the opposite of dissolved oxygen profiles. At the surface, photosynthesis
consumes CO» so CO; levels remain relatively low. In addition, organisms that utilize carbonate in their shells are common near
the surface, further reducing the amount of dissolved CO».

In deeper water, CO; concentration increases as respiration exceeds photosynthesis, and decomposition of organic matter adds
additional CO; to the water. As with oxygen, there is often more CO, at depth because cold bottom water holds more dissolved
gases, and high pressures increase solubility. Deep water in the Pacific contains more CO; than the Atlantic as the Pacific water is
older and has accumulated more CO; from the respiration of benthic organisms.
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Figure Representative carbon dioxide profiles for the Pacific and Atlantic oceans (PW).

Nitrogen in the Ocean

Nitrogen is the most abundant gas in the atmosphere, and like the other atmospheric gases it dissolves into the surface layers of the
ocean. But most marine organisms cannot directly utilize dissolved nitrogen in the form in which it exists in air (Ny), so it must first
be converted into other nitrogenous products. These conversions are undertaken by marine bacteria, who take the dissolved N; and
convert it into ammonium (NH4"), nitrite (NO,") or nitrate (NO3"). These bacteria also take the ammonium excreted by marine
organisms and the byproducts of decomposition and ultimately convert them into nitrate. Nitrate is the main nitrogenous compound
utilized by primary producers in the ocean; it is a major nutrient required for photosynthesis. Note that in this context, a nutrient
refers to a chemical needed to support photosynthesis and primary production. It does not refer to the nutritional needs of consumer
organisms. Since nutrients are rapidly used in biological processes, they are non-conservative, and their concentrations vary
regionally and seasonally. They are generally found in low quantities in the oceans because they are quickly consumed by primary
producers.

Since nitrate is one of the most important nutrients, for now we will focus only on nitrate as we discuss general nutrient patterns in

the ocean. Other important nutrients, such as phosphate and silica, show similar patterns to nitrate, and will be discussed in the
section on primary production.
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A representative nutrient (nitrate) profile is shown below. Nutrient concentrations are low at the surface, because that is where the
primary producers are located; the nutrients are rapidly consumed and they do not have the chance to accumulate. Nutrient levels

increase at depth, as they are no longer being consumed by producers, and they are being regenerated through the decomposition of
organic material by bacteria.
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Figure Representative nutrient (nitrate) profile for the open ocean (PW).

Additional links for more information:

l o NOAA site on oceanic hypoxic zones: http://oceanservice.noaa.gov/hazards/hypoxia/

This page titled 5.3: Profiles of Carbon Dioxide, Oxygen, and Nutrients is shared under a CC BY 4.0 license and was authored, remixed, and/or
curated by Tasha Gownaris via source content that was edited to the style and standards of the LibreTexts platform.

e 5.4: Oxygen by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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5.4: CO2 and Ocean Acidification

In previous sections, you have learned that CO2 concentrations are increasing in the atmosphere and that the ocean absorbs CO2
from the atmosphere; in this section, we will learn what happens to the carbon dioxide that the ocean absorbs. Let’s start by
exploring the relationship between pH and CO2 using a week of data (July 2024) from the Pioneer MAB array. Answer the
questions that follow the graph below.
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Relationship between CO2 and pH at the Oceanographic Observatories Initiative Pioneer MAB array. Created by N. Gownaris.

? Exercise 5.4.1

What kind of correlation do these data suggest between pH and aqueous COz2?

Answer

A negative relationship - when CO?2 is higher, pH is lower.

What is pH again?
pH is a measure of the acidity or basicity of a solution, specifically, it’s the negative logarithm (base 10) of the hydrogen ion
concentration ([H+]). Lower pH values indicate higher concentrations of hydrogen ions (H+). The “log” in pH means that each

whole number on the pH scale represents a tenfold difference in hydrogen ion concentration.

At pH = 7 (pure water), hydrogen ion and hydroxide ion activity are equal. Solutions with pH values above 7 have lower
concentrations of H+ ions and are considered basic or alkaline. Solutions with pH values below 7 have higher concentrations of

H+ ions and are considered acidic. The term acidification refers to a decrease in pH.
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The pH of the ocean is slightly basic, with an average pH of about 8.1. Even a small decrease in ocean pH, a phenomenon known
as ocean acidification, can have significant impacts on marine life and ecosystems. Lowering the pH reduces the availability of
calcium carbonate, a key building block for shells and skeletons, potentially leading to shell dissolution and other physiological
problems in shell-building species.

How the CO, Influences Ocean pH

How CO, Reacts with Water (H,0)

When CO, gas dissolves in the ocean, it interacts with the water to produce a number of different compounds according to the
reaction below:

C02 + Hzo « H2C03 < H+ + HCOB_ -« 2H+ + COBZ_
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CO», reacts with water to produce carbonic acid (HyCO3), which then dissociates into bicarbonate (HCO53") and hydrogen ions (H").
The bicarbonate ions can further dissociate into carbonate (CO3?") and additional hydrogen ions (Figure 5.4.2).

C02 (gas)

CO; (gissoneq)t H,0 == H,CO, Carbonic Acid

I

H* + HCO3- Bicarbonate

2H* + CO5% Carbonate

Figure 5.4.2 The fate of dissolved carbon dioxide in the oceans. Most of the carbon ends up in the form of bicarbonate (PW).

Most of the CO; dissolving or produced in the ocean is quickly converted to bicarbonate. Bicarbonate accounts for about 92% of
the CO, dissolved in the ocean, and carbonate represents around 7%, so only about 1% remains as CO», and little gets absorbed
back into the air. The rapid conversion of CO, into other forms prevents it from reaching equilibrium with the atmosphere, and in
this way, water can hold 50-60 times as much CO, and its derivatives as the air.

CO; and pH

The equation above also illustrates carbon dioxide’s role as a buffer, regulating the pH of the ocean. Recall that pH reflects the
acidity or basicity of a solution. The pH scale runs from 0-14, with 0 indicating a very strong acid, and 14 representing highly basic
conditions. A solution with a pH of 7 is considered neutral, as is the case for pure water. The pH value is calculated as the negative
logarithm of the hydrogen ion concentration according to the equation:

pH = -logio[H"]

Therefore, a high concentration of H" ions leads to a low pH and acidic condition, while a low H" concentration indicates a high
pH and basic conditions. It should also be noted that pH is described on a logarithmic scale, so every one point change on the pH
scale actually represents an order of magnitude (10 x) change in solution strength. So a pH of 6 is 10 times more acidic than a pH
of 7, and a pH of 5 is 100 times (10 x 10) more acidic than a pH of 7.
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Carbon dioxide and the other carbon compounds listed above play an important role in buffering the pH of the ocean. Currently, the
average pH for the global ocean is about 8.1, meaning seawater is slightly basic. Because most of the inorganic carbon dissolved in
the ocean exists in the form of bicarbonate, bicarbonate can respond to disturbances in pH by releasing or incorporating hydrogen
ions into the various carbon compounds. If pH rises (low [H']), bicarbonate may dissociate into carbonate, and release more H*
ions, thus lowering pH. Conversely, if pH gets too low (high [H']), bicarbonate and carbonate may incorporate some of those H*
ions and produce bicarbonate, carbonic acid, or CO, to remove H" ions and raise the pH. By shuttling H* ions back and forth
between the various compounds in this equation, the pH of the ocean is regulated and conditions remain favorable for life.
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CO, and Ocean Acidification

In recent years there has been rising concern about the phenomenon of ocean acidification. As described in the processes above,
the addition of CO» to seawater lowers the pH of the water. As anthropogenic sources of atmospheric CO, have increased since the
Industrial Revolution, the oceans have been absorbing an increasing amount of CO», and researchers have documented a decline in
ocean pH from about 8.2 to 8.1 in the last century. This may not appear to be much of a change, but remember that since pH is on a
logarithmic scale, this decline represents a 30% increase in acidity. It should be noted that even at a pH of 8.1 the ocean is not
actually acidic; the term “acidification” refers to the fact that the pH is becoming lower, i.e. the water is moving towards more
acidic conditions.

Figure 5.4.3 presents data from observation stations in and around the Hawaiian Islands. As atmospheric levels of CO, have
increased, the CO; content of the ocean water has also increased, leading to a reduction in seawater pH. Some models suggest that
at the current rate of CO, addition to the atmosphere, by 2100 ocean pH may be further reduced to around 7.8, which would
represent more than a 120% increase in ocean acidity since the Industrial Revolution.

o CO, Time Series in the North Pacific o33
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Ref: I.E. Dore et al, 2009. Physical and biogeochemical modulation of ocean acidification in the central North Pacific. Proc Natl Acad Sei USA 106:12235-12240.

Figure 5.4.3 Changes in atmospheric CO, (red), seawater CO, (green) and pH (blue) in the Hawaiian Islands (NOAA PMEL).

When carbon dioxide enters into the ocean, it influences shell-forming organisms in two ways.
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The first is through a change in pH. As mentioned above, carbon dioxide (CO2) interacts with water (H20) to form carbonic acid
(H2CO3). However, carbonic acid rapidly dissociates in water to form a bicarbonate ion (HCO3™), releasing a hydrogen ion (H+) in
the process. This increase in free hydrogen ions leads to a reduction in pH, leading to more acidic waters than can dissolve calcium
carbonate (CaCOs3) shells (Figure 5.4.4). You can see the decline in pH (blue line) that mirrors the increase in atmospheric (red line)
and oceanic (green line) CO2 in Figure 5.4.3. Note a special feature of this graph: it has a secondary y-axis. Scientists sometimes
use a secondary y-axis when the parameters they want to show relationships between exist on very different scales.

? Exercise 5.4.2

What range of values are shown on the axis for CO2? What range of values are shown on the axis for pH?

Answer

The CO2 (primary, or left) y-axis ranges from 275 to 425 while the pH (secondary, or right) y-axis ranges from 8.03 to 8.33

Figure 5.4.5 The results of an experiment placing the calcium carbonate shells of pterapods in seawater with a pH of 7.8, the
projected ocean pH for the year 2100 under current rates of acidification. The top row shows the shells before the experiment, and
the bottom row shows the dissolution of the shells after 45 days of exposure (NOAA).

The second way that COz2 influences shell-forming organisms is through the ocean’s carbonate buffering system. The ocean
carbonate buffering system is a natural mechanism that helps regulate the ocean’s pH, preventing it from becoming too acidic or
too basic. It works through a series of chemical reactions involving carbon dioxide (CO2), water (H20), carbonic acid (H2COs3),
bicarbonate (HCOs3™), and carbonate (CO327).

To maintain equilibrium, the additional hydrogen ions produced from the interaction between CO2 and H20 bind with carbonate
ions, forming bicarbonate and increasing the pH. As a result, a decline in pH leads to a reduction in the availability of free
carbonate ions, making it harder for organisms to form calcium carbonate shells (Figure 5.4.6). In summary, some organisms can’t
make shells because there are fewer carbonate ions and organisms struggle to extract enough material to build strong shells. Some
organisms may still build shells, but at a greater energy expense, which can impact survival and reproduction. In seawater with
lower pH existing shells can dissolve, especially in young or weaker organisms.
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Figure 5.4.6 Proportions of carbon compounds in the ocean at various pH levels. As the ocean pH declines, the proportion of
carbonate ions also declines, reducing rates of shell formation (NOAA).

Review your Knowledge of the Ocean Carbonate System
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This page titled 5.4: CO2 and Ocean Acidification is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Paul Webb

via source content that was edited to the style and standards of the LibreTexts platform.

e 5.5: Carbon Dioxide, pH, and Ocean Acidification by Paul Webb is licensed CC BY 4.0. Original source:
https://rwu.pressbooks.pub/webboceanography.
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5.5: Earth’s Heat Budget

Earth's Heat Budget
The balance of incoming and outgoing heat on Earth is referred to as its heat budget. As with any budget, to maintain constant

conditions the budget must be balanced so that the incoming heat equals the outgoing heat. The heat budget of Earth appears below
(Figure 5.5.1).
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Figure 5.5.1 Earth’s heat budget. Of all of the solar radiation reaching Earth, 30% is reflected back to space and 70% is absorbed by

the Earth (47%) and atmosphere (23%). The heat absorbed by the land and oceans is exchanged with the atmosphere through

conduction, radiation, and latent heat (phase change). The heat absorbed by the atmosphere is eventually radiated back into space

(PW).
Of all of the solar energy reaching the Earth, about 30% is reflected back into space from the atmosphere, clouds, and surface of the
Earth. Another 23% of the energy is absorbed by the water vapor, clouds, and dust in the atmosphere, where it is converted into
heat. Just under half (47%) of the incoming solar radiation is absorbed by the land and ocean, and this energy heats up the Earth’s
surface. The energy absorbed by the Earth returns to the atmosphere through three processes; conduction, radiation, and latent heat
(phase change)(Figure 5.5.1).

Conduction is the transfer of heat through direct contact between the surface and the atmosphere. Air is a relatively poor thermal
conductor (which means it is a good insulator), so conduction represents only a small part of the energy transfer between the Earth
and the atmosphere; equal to about 7% of the incoming solar energy.

All bodies with a temperature above absolute zero (-273° C) radiate heat in the form of longwave, infrared radiation (see the
electromagnetic spectrum in section 6.5). The warmed Earth is no exception, and about 16% of the original solar energy is radiated
from the Earth to the atmosphere (Figure 5.5.1). Some of this radiated energy will dissipate into space, but a significant amount of
heat will be absorbed by the atmosphere. This is the basis for the greenhouse effect (Figure 8.12). In the greenhouse effect,
shortwave solar radiation passes through the atmosphere and reaches the Earth’s surface where it gets absorbed. When the radiation
is re-emitted by the Earth, it is now in the form of long wavelength, infrared radiation, which does not easily pass through the
atmosphere. Instead, this infrared radiation is absorbed by the atmosphere, particularly by the greenhouse gases such as CO,,
methane, and water vapor. As a result, the atmosphere heats up. Without the greenhouse effect, the average temperature on Earth

would be about -18° C, which is too cold for liquid water, and therefore life as we know it could not exist!
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Figure 5.5.2 An explanation of the greenhouse effect (By US EPA [Public domain], via Wikimedia Commons).

There is a great deal of concern about the greenhouse effect across the globe; not because of the presence of the effect itself, but
because the effect is intensifying, causing climate change or global warming. Since the Industrial Revolution the atmospheric
concentrations of the major greenhouse gases, particularly CO;, and methane, have increased dramatically due to industrialization,
the burning of fossil fuels, and deforestation. At the same time, there has been rapid warming of the global climate; CO;
concentrations have increased more than 25% and global temperature has risen by 0.5° C over the past century. Unless production
of these greenhouse gases is curbed, this rapid warming trend may continue, with potentially dire consequences. See section 8.5 for
detailed information on the causes and effects of climate change.

The largest pathway for heat exchange between the land or oceans and the atmosphere is latent heat transferred through phase
changes; heat released or absorbed when water moves between solid, liquid, and vapor forms. Heat must be added to liquid water
to make it evaporate, and when water vapor is formed, that heat is removed from the ocean and transferred to the atmosphere along
with the water vapor. When water vapor condenses into rain, that heat is then returned to the oceans. The same process happens
with the formation and melting of ice. Heat is absorbed by ice when it melts, and heat is released when ice forms, and these phase
changes transfer heat between the oceans and the atmosphere.

To complete the heat budget, the heat that is absorbed by the atmosphere either directly from solar radiation or as a result of
conduction, radiation and latent heat, is eventually radiated back into space (Figure 5.5.1).

Differential Heating of Earth’s Surface

If the Earth was a flat surface facing the sun, every part of that surface would receive the same amount of incoming solar radiation.
However, because the Earth is a sphere, sunlight is not equally distributed over the Earth’s surface, so different regions of Earth
will be heated to different degrees. This differential heating of Earth’s surface occurs for a number of reasons. First, because of the
curvature of Earth, sunlight only falls perpendicularly to the surface at the center of the sphere (equatorial regions). At any other
point on Earth, the angle between the surface and the incoming solar radiation is less than 90°. Because of this, the same amount of
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incoming solar radiation will be concentrated in a smaller area at the equator, but will be spread over a much larger area at the poles
(Figure 5.5.3). Thus the tropics receive more intense sunlight and a greater amount of heating per unit of area than the polar regions.

Figure 5.5.3 Because of the curvature of the Earth, the same amount of sunlight will be spread out over a larger area at the poles
compared to the equator. The equator therefore receives more intense sunlight, and a greater amount of heat per unit of area (By
Thebiologyprimer (Own work) [CCO], via Wikimedia Commons).

The angle at which sunlight strikes the Earth contributes to differential heating of the surface in an additional way. At the poles,
because of the angle at which the solar energy strikes the surface, more of the light will glance off of the surface and the
atmosphere and be reflected back into space. At the equator, the direct angle with which light reaches the surface results in more of
the energy being absorbed rather than reflected. Finally, the poles reflect more solar energy than other parts of the Earth because the
poles have a higher albedo. The albedo refers to reflectivity of a surface. Lighter surfaces are more reflective than darker surfaces
(which absorb more energy), and therefore have a higher albedo. At the poles, the ice, snow and cloud cover create a much higher
albedo, and the poles reflect more and absorb less solar energy than the lower latitudes. Through all of these mechanisms, the poles
absorb much less solar radiation than equatorial regions, which is why the poles are cold and the tropics are very warm.

But there is an interesting twist to this global distribution of heat. The tropical regions actually receive more radiant heat than they
emit, and the poles emit more heat than they receive (Figure 5.5.4). We should therefore expect that the tropics will be getting
continually warmer, while the poles become increasingly cold. Yet this is not the case; so what is happening? Rather than the heat
remaining isolated near the equator, about 20% of the heat from the tropics is transported to the poles before it is emitted. This
large scale transport of energy moderates the climates at both extremes. The mechanisms for this heat transfer are ocean and

atmospheric circulation, which we will discuss in later sections.
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Figure 5.5.4 The balance between heat gain and heat loss as a function of latitude. Excess heat received near the equator is

transferred towards the poles (National Oceanography Centre (NOC). Creative Commons 3.0 unported license).
The idea of differential heating of the Earth’s surface is fundamental to understanding a wide range of oceanographic and
atmospheric processes. This differential heating leads to atmospheric convection, which creates winds, which blow over the water
and create waves and surface currents, and these currents influence nutrient distribution, which promotes primary production,
which then supports the rest of the ocean ecosystem. So there’s a lot riding on the simple fact that more light reaches the tropics
than the poles!

This page titled 5.5: Earth’s Heat Budget is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.

e 8.1: Earth’s Heat Budget by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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5.6: Climate Change

Change as a Constant

If one thing has been constant about Earth’s climate over geological time, it is its constant change. In the geological record, we can
see this in the evidence of glaciations in the distant past, and we can also detect periods of extreme warmth by looking at the
isotope composition of seafloor sediments. Not only has the climate changed frequently, the temperature fluctuations have been
very significant. Today’s mean global temperature is about 15°C. However, during its coldest periods, the global mean was as cold
as -50°C, while at various times during the Paleozoic and Mesozoic and during the Paleocene—Eocene thermal maximum, it was
close to 30°C.

There are two parts to climate change, the first one is known as climate forcing, which is when conditions change to give the
climate a little nudge in one direction or the other. The second part of climate change, and the one that typically does most of the
work, is what we call a feedback. When a climate forcing changes the climate a little, a whole series of environmental changes
take place, many of which either exaggerate the initial change (positive feedback), or suppress the change (negative feedback).

An example of a climate forcing mechanism is the increase in the amount of carbon dioxide (CO,) in the atmosphere that results
from our use of fossil fuels. CO; traps heat in the atmosphere and leads to climate warming. Warming changes vegetation patterns;
contributes to the melting of snow, ice, and permafrost; causes sea level to rise; reduces the solubility of CO, in sea water; and has
a number of other minor effects. Most of these changes contribute to more warming. Melting of permafrost, for example, is a
strong positive feedback because frozen soil contains trapped organic matter that is converted to CO, and methane (CH,) when the
soil thaws. Both these gases accumulate in the atmosphere and add to the warming effect. On the other hand, if warming causes
more vegetation growth, that vegetation should absorb CO,, thus reducing the warming effect, which would be a negative
feedback. Under our current conditions — a planet that still has lots of glacial ice and permafrost — most of the feedbacks that
result from a warming climate are positive feedbacks and so the climate changes that we cause get naturally amplified by natural
processes.

Natural Climate Forcing

Natural climate forcing has been going on throughout geological time. A wide range of processes has been operating at widely
different time scales, from a few years to billions of years. The longest-term natural forcing variation is related to the evolution of
the Sun. Like most other stars of a similar mass, our Sun is evolving. For the past 4.6 billion years, its rate of nuclear fusion has
been increasing, and it is now emitting about 40% more energy (as light) than it did at the beginning of geological time. A
difference of 40% is big, so it’s a little surprising that the temperature on Earth has remained at a reasonable and habitable
temperature for all of this time. The mechanism for that relative climate stability has been the evolution of our atmosphere from
one that was dominated by CO5, and also had significant levels of CH4 — both greenhouse gasses — to one with only a few
hundred parts per million of CO; and just under 1 part per million of CHy4. Those changes to our atmosphere have been no accident;
over geological time, life and its metabolic processes have evolved (such as the evolution of photosynthetic bacteria that consume
CO,) and changed the atmosphere to conditions that remained cool enough to be habitable. Measurements of past CO,
concentrations and climate proxies do tell us one thing: CO, and temperature are related both at long and short timescales.
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The position of the Earth relative to the Sun is another important component of natural climate forcing. Earth’s orbit around the Sun
is nearly circular, but like all physical systems, it has natural oscillations. First, the shape of the orbit changes on a regular time
scale (close to 100,000 years) from being close to circular to being very slightly elliptical. But the circularity of the orbit is not
what matters; it is the fact that as the orbit becomes more elliptical, the position of the Sun within that ellipse becomes less central
or more eccentric (Figure 5.6.1a). Eccentricity is important because when it is high, the Earth-Sun distance varies more from

season to season than it does when eccentricity is low.

(a) The 100,000 year cycleof  (b) The 41,000 year cycle of the  (c]) the 2,000 year cycle of precession

eccentricity of the Sun within angle of tilt (obliquity) of the of the Earth’s rotational axis
the Earth’s orbit. The blue Earth’s axis (red lines)
orbitis more elliptical than the compared to a line
red one, and the Sun is offset ~ perpendicular to the plane of the
from the centre of the ellipse Earth'’s orbit (light blue line).
Figure 5.6.1 Components of the Milankovitch cycles, which influence global climate over thousands of years (Steven Earle,
“Physical Geology™).

Second, Earth rotates around an axis through the North and South Poles, and that axis is at an angle to the plane of Earth’s orbit
around the Sun (Figure 5.6.1b). The angle of tilt (also known as ebliquity) varies on a time scale of 41,000 years. When the angle is
at its maximum (24.5°), Earth’s seasonal differences are accentuated. When the angle is at its minimum (22.1°), seasonal
differences are minimized. The current hypothesis is that glaciation is favored at low seasonal differences as summers would be
cooler and snow would be less likely to melt and more likely to accumulate from year to year. Third, the direction in which Earth’s
rotational axis points also varies, on a time scale of about 20,000 years (Figure 5.6.1c). This variation, known as precession, means
that although the North Pole is presently pointing to the star Polaris (the pole star), in 10,000 years it will point to the star Vega.
The importance of eccentricity, tilt, and precession to Earth’s climate cycles (now known as Milankovitch Cycles) was first
pointed out by Yugoslavian engineer and mathematician in the early 1900s. Milankovitch recognized that
although the variations in the orbital cycles did not affect the total amount of insolation (light energy from the Sun) that Earth
received, it did affect where on Earth that energy was strongest.
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Volcanic eruptions don’t just involve lava flows and exploding rock fragments; various particulates and gases are also released, the
important ones being sulphur dioxide and CO,. Sulphur dioxide is an aerosol that reflects incoming solar radiation and has a net
cooling effect that is short lived (a few years in most cases, as the particulates settle out of the atmosphere within a couple of
years), and doesn’t typically contribute to longer-term climate change. Volcanic CO, emissions can contribute to climate warming
but only if a greater-than-average level of volcanism is sustained over a long time (at least tens of thousands of years). It is widely
believed that the catastrophic end-Permian extinction (at 250 Ma) resulted from warming initiated by the eruption of the massive
Siberian Traps over a period of at least a million years.

Ocean currents are important to climate, and currents also have a tendency to oscillate. Glacial ice cores show clear evidence of
changes in the Gulf Stream that affected global climate on a time scale of about 1,500 years during the last glaciation. The east-
west changes in sea-surface temperature and surface pressure in the equatorial Pacific Ocean, known as the El Nifio Southern
Oscillation or ENSO varies on a much shorter time scale of between two and seven years. These variations tend to garner the
attention of the public because they have significant climate implications in many parts of the world. The strongest El Nifios in
recent decades were in 1983, 1998, and 2015 and those were very warm years from a global perspective. During a strong El Nifio,
the equatorial Pacific sea-surface temperatures are warmer than normal and heat the atmosphere above the ocean, which leads to
warmer-than-average global temperatures.

Climate Feedbacks

As already stated, climate feedbacks are critically important in amplifying weak climate forcings into full-blown climate changes.
Since Earth still has a very large volume of ice, mostly in the continental ice sheets of Antarctica and Greenland, but also in alpine
glaciers and permafrost, melting is one of the key feedback mechanisms. Melting of ice and snow leads to several different types of
feedbacks, an important one being a change in albedo, or the reflectivity of a surface. Earth’s various surfaces have widely differing
albedos, expressed as the percentage of light that reflects off a given material. This is important because most solar energy that hits
a very reflective surface is not absorbed and therefore does little to warm Earth. Water in the oceans or on a lake is one of the
darkest surfaces, reflecting less than 10% of the incident light, while clouds and snow or ice are among the brightest surfaces,
reflecting 70% to 90% of the incident light. When sea ice melts, as it has done in the Arctic Ocean at a disturbing rate over the past
decade, the albedo of the area affected changes dramatically, from around 80% down to less than 10%. Much more solar energy is
absorbed by the water than by the pre-existing ice, and the temperature increase is amplified. The same applies to ice and snow on
land, but the difference in albedo is not as great. When ice and snow on land melt, sea level rises. (Sea level is also rising because
the oceans are warming and that increases their volume). A higher sea level means a larger proportion of the planet is covered with
water, and since water has a lower albedo than land, more heat is absorbed and the temperature goes up a little more. Since the last
glaciation, sea-level rise has been about 125 m; a huge area that used to be land is now flooded by heat-absorbent seawater. During
the current period of anthropogenic climate change, sea level has risen only about 20 cm, and although that doesn’t make a big
change to albedo, sea-level rise is accelerating.

Most of northern Canada, Alaska, Russia, and Scandinavia has a layer of permafrost that ranges from a few centimeters to hundreds
of meters in thickness. Permafrost is a mixture of soil and ice and it also contains a significant amount of trapped organic carbon
that is released as CO, and CH4 when the permafrost breaks down. Because the amount of carbon stored in permafrost is in the
same order of magnitude as the amount released by burning fossil fuels, this is a feedback mechanism that has the potential to equal
or surpass the forcing that has unleashed it. In some polar regions, including northern Canada, permafrost includes methane
hydrate, a highly concentrated form of CH, trapped in solid form. Breakdown of permafrost releases this CH,. Even larger reserves
of methane hydrate exist on the seafloor, and while it would take significant warming of ocean water down to a depth of hundreds
of meters, this too is likely to happen in the future if we don’t limit our impact on the climate. There is strong isotopic evidence that
the Paleocene—Eocene thermal maximum was caused, at least in part, by a massive release of sea-floor methane hydrate.
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There is about 45 times as much carbon in the ocean (as dissolved bicarbonate ions, HCO3") as there is in the atmosphere (as CO,),
and there is a steady exchange of carbon between the two reservoirs. But the solubility of CO, in water decreases as the
temperature goes up. In other words, the warmer it gets, the more oceanic bicarbonate that gets transferred to the atmosphere as
CO». That makes CO; solubility another positive feedback mechanism. Vegetation growth responds positively to both increased
temperatures and elevated CO» levels, and so in general, it represents a negative feedback to climate change because the more the
vegetation grows, the more CO; is taken from the atmosphere. But it’s not quite that simple, because when trees grow bigger and
more vigorously, forests become darker (they have lower albedo) so they absorb more heat. Furthermore, climate warming isn’t
necessarily good for vegetation growth; some areas have become too hot, too dry, or even too wet to support the plant community
that was growing there, and it might take centuries for something to replace it successfully. All of these positive (and negative)
feedbacks work both ways. For example, during climate cooling, growth of glaciers leads to higher albedos, and formation of
permafrost results in storage of carbon that would otherwise have returned quickly to the atmosphere.

Anthropogenic Climate Change

When we talk about anthropogenic climate change, we are generally thinking of the industrial era, which really got going when we
started using fossil fuels (coal to begin with, and later oil and natural gas) to drive machinery and trains, and to generate electricity.
That was around the middle of the 18th century. The issue with fossil fuels is that they involve burning carbon that was naturally
stored in the crust over hundreds of millions of years as part of Earth’s process of counteracting the warming Sun.

A rapidly rising population, the escalating level of industrialization and mechanization of our lives, and an increasing dependence
on fossil fuels have driven the anthropogenic climate change of the past century. The trend of mean global temperatures since 1880
is shown in Figure 5.6.2. For approximately the past 55 years, the temperature has increased at a relatively steady and disturbingly
rapid rate, especially compared to past changes. The average temperature now is approximately 0.8°C higher than before
industrialization, and two-thirds of this warming has occurred since 1975.

15.0

Global land and sea mean annual temperature | 2015
18 : ! : ! ! : 4

Global land-sea mean annual temperature ["C)

Data from NASA - Goddard Institute

134 i i i i i . |
1880 1500 1920 1940 1960 1980 2000 2020
Figure 5.6.2 Global mean annual temperatures for the period from 1880 to 2015 (Steven Earle, “Physical Geology”, by SE from
data at NASA at: http://data.giss.nasa.gov/gistemp/ta...LB. Ts+dSST.txt).

The Intergovernmental Panel on Climate Change (IPCC), established by the United Nations in 1988, is responsible for reviewing
the scientific literature on climate change and issuing periodic reports on several topics, including the scientific basis for
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understanding climate change, our vulnerability to observed and predicted climate changes, and what we can do to limit climate
change and minimize its impacts. Between 1850 and 2019 the Global Carbon Project estimates that about 2/3 of excess carbon
dioxide emissions have been caused by burning fossil fuels, and a little less than half of that has stayed in the atmosphere, while
26% has entered the ocean (Figure 5.6.3).

Ca_r_bon dioxide sources since 1850
Fossil Coal (N 32%

Fuels = Oil I 24%
(66%) | Natural gas I 10%
Deforestation [N 31%
Cement and other Bl 3%

Carbon dioxide destinations since 1850
42% I Atmospheric uptake

32% I Plant growth and soil
26% I Dissolved in ocean

Figure 5.6.3 Carbon Sources and Sinks by Efbrazil is published on wikipedia using a CC BY-SA 4.0 license.

The biggest anthropogenic contributor to warming is the emission of CO,, which accounts for 50% of positive forcing. CH, and its
atmospheric derivatives (CO», H»O, and O3) account for 29%, and the halocarbon gases (mostly leaked from air-conditioning
appliances) and nitrous oxide (N>O) (from burning fossils fuels) account for 5% each. Carbon monoxide (CO) (also produced by
burning fossil fuels) accounts for 7%, and the volatile organic compounds other than methane (NMVOC) account for 3%. CO,
emissions come mostly from coal- and gas-fired power stations, motorized vehicles (cars, trucks, and aircraft), and industrial
operations (e.g., smelting), and indirectly from forestry. CH4 emissions come from production of fossil fuels (escape from coal
mining and from gas and oil production), livestock farming (mostly beef), landfills, and wetland rice farming. N>O and CO come
mostly from the combustion of fossil fuels. In summary, close to 70% of our current greenhouse gas emissions come from fossil
fuel production and use, while most of the rest comes from agriculture and landfills. Figure 5.6.4 shows the IPCC’s projections for

temperature increases over the next 100 years as a result of these increasing greenhouse gases.
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Figure 5.6.4 Projected global temperature increases for the 21st century based on a range of different IPCC scenarios of future
political and technological variables (from https://www.ipcc.ch/publications_and...re-spm-5-1.png).
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We’ve all experienced the effects of climate change over the past decade. However, it’s not straightforward for climatologists to
make the connection between a warming climate and specific weather events, and most are justifiably reluctant to ascribe any
specific event to climate change. In this respect, the best measures of climate change are those that we can detect over several
decades, such as the temperature changes shown in Figure 5.6.2, or the sea level rise shown in Figure 5.6.5. As already stated, sea
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level has risen approximately 20 cm since 1750, and that rise is attributed to both warming (and therefore expanding) seawater and
melting glaciers and other land-based snow and ice.
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Figure 5.6.5 Projected sea-level increases to 2100, showing likely range (grey) and possible maximum (Stephen Earle, “Physical
Geology”, adapted by SE from: http://nca2014.globalchange.gov/repo...ntro-section-2 based on data in Parris et al., 2012, NOAA).

Projections for sea level rise to the end of this century vary widely. This is in large part because we do not know which of the above
climate change scenarios (Figure 5.6.4) we will most closely follow, but many are in the range from 0.5 m to 2.0 m. One of the
problems in predicting sea level rise is that we do not have a strong understanding of how large ice sheets, such as Greenland and
Antarctica, will respond to future warming. Another issue is that the oceans don’t respond immediately to warming. For example,
with the current amount of warming, we are already committed to a future sea level rise of between 1.3 m and 1.9 m, even if we
could stop climate change today. This is because it takes decades to centuries for the existing warming of the atmosphere to be
transmitted to depth within the oceans and to exert its full impact on large glaciers. Most of that committed rise would take place
over the next century, but some would be delayed longer. And for every decade that the current rates of climate change continue,
that number increases by another 0.3 m. In other words, if we don’t make changes quickly, by the end of this century we’ll be
locked into 3 m of future sea level rise. In a 2008 report, the Organization for Economic Co-operation and Development (OECD)
estimated that by 2070 approximately 150 million people living in coastal areas could be at risk of flooding due to the combined
effects of sea level rise, increased storm intensity, and land subsidence. The assets at risk (buildings, roads, bridges, ports, etc.) are
in the order of $35 trillion ($35,000,000,000,000). Countries with the greatest exposure of population to flooding are China, India,
Bangladesh, Vietnam, U.S.A., Japan, and Thailand. Some of the major cities at risk include Shanghai, Guangzhou, Mumbai,
Kolkata, Dhaka, Ho Chi Minh City, Tokyo, Miami, and New York.

One of the other risks for coastal populations, besides sea level rise, is that climate warming is also associated with an increase in
the intensity of tropical storms (e.g., hurricanes or typhoons), which almost always bring serious flooding from intense rain and
storm surges. Some recent examples are New Orleans in 2005 with Hurricane Katrina, and New Jersey and New York in 2012 with
Hurricane Sandy. Tropical storms get their energy from the evaporation of warm seawater in tropical regions. In the Atlantic Ocean,
this takes place between 8° and 20° N in the summer. Figure 5.6.6 shows the variations in the sea-surface temperature (SST) of the
tropical Atlantic Ocean (in blue) versus the amount of power represented by Atlantic hurricanes between 1950 and 2008 (in red).
Not only has the overall intensity of Atlantic hurricanes increased with the warming since 1975, but the correlation between
hurricanes and sea-surface temperatures is very strong over that time period.
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Figure 5.6.6 Relationship between Atlantic tropical storm cumulative annual intensity and Atlantic sea-surface temperatures (Steven
Earle, “Physical Geology”, by SE from data at: http://wind.mit.edu/~emanuel/Papers_data_graphics.htm).
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Figure 5.6.7 Numbers of various types of disasters between 1971 and 2010 (From WMO atlas of mortality and economic Losses
from weather, climate and water extremes, 2014).
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*”Physical Geology” by Steven Earle used under a CC-BY 4.0 international license. Download this book for free at
http://open.bccampus.ca

This page titled 5.6: Climate Change is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.
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CHAPTER OVERVIEW

6: Circulation in the Atmosphere and Ocean

4b Learning Objectives

After reading this chapter you should:

o understand how and why atmospheric convection cells form and cause the Earth's major wind patterns and climates
o understand the reasons for and the results of the Coriolis Effect

o know the major ocean surface currents of the world (i.e. the gyres), their components, and how they are created

o know what causes upwelling and downwelling, and the impacts of these events on primary production

o understand the causes and effects of ENSO events

o understand the processes that drive thermohaline circulation

o be familiar with the major global water masses and where they are formed

o understand how deep water circulates throughout the world ocean

As we have already discussed, the atmosphere and ocean are intimately connected. Ocean temperatures help to drive Earth's
atmospheric convection cells, both of which are ultimately driven by differential heating of the Earth. In tern, the Earth's
atmospheric convection cells impact both climate patterns (wet/dry climates) and the surface currents of the ocean. The surface and
deep ocean are linked by the ocean conveyor belt, which is driven by deep water formation in the cold polar regions of the Atlantic
Ocean and upwelling along coasts an the equator. It's all connected, and this chapter is all about learning those connections!

Map of the world showing the global thermohaline circulation by Brisbane is licensed CC-BY-SA 3.0

6.1: Winds and the Coriolis Effect
6.2: Winds and Climate

6.3: Surface Gyres

6.4: The Gulf Stream

6.5: Currents, Upwelling and Downwelling
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6.6: El Nifio and La Nifia

6.7: Thermohaline Circulation

This page titled 6: Circulation in the Atmosphere and Ocean is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by
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6.1: Winds and the Coriolis Effect

The Impact of Differential Heating

Differential heating of the Earth’s surface results in equatorial regions receiving more heat than the poles. As air is warmed at the
equator it becomes less dense and rises, while at the poles the cold air is denser and sinks. If the Earth was non-rotating, the warm
air rising at the equator would reach the upper atmosphere and begin moving horizontally towards the poles. As the air reached the
poles it would cool and sink, and would move over the surface of Earth back towards the equator. This would result in one large
atmospheric convection cell in each hemisphere (Figure 6.1.1), with air rising at the equator and sinking at the poles, and the
movement of air over the Earth’s surface creating the winds. On this non-rotating Earth, the prevailing winds would thus blow from

the poles towards the equator in both hemispheres (Figure 6.1.1).
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Prevailing Winds

Figure 6.1.1 Hypothetical atmospheric convection cells on a non-rotating Earth. Air rises at the equator and sinks at the poles,
creating a single convection cell in each hemisphere. The prevailing winds moving over the Earth’s surface blow from the poles
towards the equator in both hemispheres (Modified by PW from globe image by Location_of_Cape_Verde_in_the_globe.svg: Eddo
derivative work: Luan fala! [CC BY-SA 3.0], via Wikimedia Commons).

The Coriolis Effect

The non-rotating situation in Figure 6.1.1 is of course only hypothetical, and in reality the Earth’s rotation makes this atmospheric
circulation a bit more complex. The paths of the winds on a rotating Earth are deflected by the Coriolis Effect. The Coriolis Effect
is a result of the fact that different latitudes on Earth rotate at different speeds. This is because every point on Earth must make a
complete rotation in 24 hours, but some points must travel farther, and therefore faster, to complete the rotation in the same amount
of time. In 24 hours a point on the equator must complete a rotation distance equal to the circumference of the Earth, which is about
40,000 km. A point right on the poles covers no distance in that time; it just turns in a circle. So the speed of rotation at the equator
is about 1600 km/hr, while at the poles the speed is 0 km/hr. Latitudes in between rotate at intermediate speeds; approximately

1400 km/hr at 30° and 800 km/hr at 60°. As objects move over the surface of the Earth they encounter regions of varying speed,
which causes their path to be deflected by the Coriolis Effect.
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To explain the Coriolis Effect, imagine a cannon positioned at the equator and facing north. Even though the cannon appears
stationary to someone on Earth, it is in fact moving east at about 1600 km/hr due to Earth’s rotation. When the cannon fires the
projectile travels north towards its target; but it also continues to move to the east at 1600 km/hr, the speed it had while it was still
in the cannon. As the shell moves over higher latitudes, its momentum carries it eastward faster than the speed at which the ground
beneath it is rotating. For example, by 30° latitude the shell is moving east at 1600 km/hr while the ground is moving east at only
1400 km/hr. Therefore, the shell gets “ahead” of its target, and will land to the east of its intended destination. From the point of
view of the cannon, the path of the projectile appears to have been deflected to the right (red arrow, Figure 6.1.2). Similarly, a
cannon located at 60° and facing the equator will be moving east at 800 km/hr. When its shell is fired towards the equator, the shell
will be moving east at 800 km/hr, but as it approaches the equator it will be moving over land that is traveling east faster than the
projectile. So the projectile gets “behind” its target, and will land to the west of its destination. But from the point of view of the
cannon facing the equator, the path of the shell still appears to have been deflected to the right (green arrow, Figure 6.1.2).
Therefore, in the Northern Hemisphere, the apparent Coriolis deflection will always be to the right.

In the Southern Hemisphere the situation is reversed (Figure 6.1.2). Objects moving towards the equator from the south pole are
moving from low speed to high speed, so are left behind and their path is deflected to the left. Movement from the equator towards
the south pole also leads to deflection to the left. In the Southern Hemisphere, the Coriolis deflection is always to the left from the
point of origin.

The magnitude of the Coriolis deflection is related to the difference in rotation speed between the start and end points. Between the

poles and 60° latitude, the difference in rotation speed is 800 km/hr. Between the equator and 30° latitude, the difference is only
200 km/hr (Figure 6.1.2). Therefore the strength of the Coriolis Effect is stronger near the poles, and weaker at the equator.
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Figure 6.1.2 The Coriolis Effect. Objects moving from the equator towards the poles (red arrows) move into a region of slower
rotational speed and their paths are deflected “ahead” of their point of origin. Movement from high latitudes to low latitudes (green
arrows) goes from a region of low speed to a region of higher rotation speed, and there is deflection “behind” their point of origin.
In the Northern Hemisphere this deflection is always to the right from the point of origin, and in the Southern Hemisphere the
deflection is always to the left (Modified by PW from globe image by Location_of_Cape_Verde_in_the_globe.svg: Eddo derivative

work: Luan fala! [CC BY-SA 3.0], via Wikimedia Commons).

The Earth's Major Atmospheric Cells and Surface Currents

Because of the rotation of the Earth and the Coriolis Effect, rather than a single atmospheric convection cell in each hemisphere,
there are three major cells per hemisphere. Warm air rising at the equator cools as it moves through the upper atmosphere, and it
descends at around 30° latitude. The convection cells created by rising air at the equator and sinking air at 30° are referred to as
Hadley Cells, of which there is one in each hemisphere. The cold air that descends at the poles moves over the Earth’s surface
towards the equator, and by about 60° latitude it begins to rise, creating a Polar Cell between 60° and 90°. Between 30° and 60° lie
the Ferrel Cells, composed of sinking air at 30° and rising air at 60° (Figure 6.1.3). With three convection cells in each hemisphere
that rotate in alternate directions, the surface winds no longer always blow from the poles towards the equator as in the non-rotating
Earth in Figure 6.1.1. Instead, surface winds in both hemispheres blow towards the equator between 90° and 60° latitude, and
between 0° and 30° latitude. Between 30° and 60° latitude, the surface winds blow towards the poles (Figure 6.1.3).
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Figure 6.1.3 On a rotating Earth, there are three atmospheric convection cells in each hemisphere, leading to alternating bands of
surface winds (red arrows) (Modified by PW from globe image by Location_of_Cape_Verde_in_the_globe.svg: Eddo derivative
work: Luan fala! [CC BY-SA 3.0], via Wikimedia Commons).

The surface winds created by the atmospheric convection cells are also influenced by the Coriolis Effect as they change latitudes.
The Coriolis Effect deflects the path of the winds to the right in the Northern Hemisphere and to the left in the Southern
Hemisphere. Adding this deflection leads to the pattern of prevailing winds illustrated in Figure 6.1.4. Between the equator and 30°
latitude are the trade winds; the northeast trade winds in the Northern Hemisphere and the southeast trade winds in the Southern
Hemisphere (note that winds are named based on the direction from which they originate, not where they are going). The
westerlies are the dominant winds between 30° and 60° in both hemispheres, and the polar easterlies are found between 60° and

the poles.
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Figure 6.1.4 The prevailing wind patterns of Earth (Modified by PW from globe image by
Location_of_Cape_Verde_in_the_globe.svg: Eddo derivative work: Luan fala! [CC BY-SA 3.0], via Wikimedia Commons).
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In between these wind bands lie regions of high and low pressure. High pressure zones occur where air is descending, while low
pressure zones indicate rising air. Along the equator the rising air creates a low pressure region called the doldrums, or the
Intertropical Convergence Zone (ITCZ)(convergence zone because this is where the trade winds converge). At 30° latitude there
are high pressure zones of descending air known as the horse latitudes, or the subtropical highs. Finally, at 60° lies another low
pressure region called the polar front. It should be noted that these high and low pressure zones are not fixed in place; their
latitude fluctuates depending on the season, and these fluctuations have important implications for regional climates.

Doldrums? Horse latitudes? Trade winds?

These may seem like some odd names for these atmospheric phenomena, but many of them can be traced back to maritime
traditions and lore. The doldrums refer to regions of low pressure around the equator. In these areas, air is rising rather than
moving horizontally, so these regions commonly encounter very light winds. The lack of wind could leave sailing ships becalmed
for days or weeks at a time, which was not good for the morale of the ship’s crew.

Like the doldrums the horse latitudes are also areas with light winds, this time due to descending air, which could leave ships
becalmed. One explanation for the term “horse latitudes” is that when these ships became stranded they ran the risk of running out
of food or water. To conserve these resources, sailors would throw their dead or dying horses overboard, hence the “horse
latitudes.” Another explanation is that many sailors received part of their pay before a voyage, and often spent it before departing.
This meant that they would spend the first part of the voyage working without pay and in debt, a period called the “dead horse”

time, which might last for a few months. When they started earning their pay once again, they had a “dead horse” ceremony and
threw a pretend horse overboard. The timing of this ceremony often coincided with reaching the horse latitudes, leading to the

https://geo.libretexts.org/@go/page/50875
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association of the ceremony with the location. A third explanation is that a ship was referred to as “horsed” when winds were weak
and the ship instead had to rely on ocean currents to move them. This could be a common occurrence in the high pressure zones
around 30° latitude, so they were referred to as the horse latitudes.

The term trade winds may have originally derived from the terms for “track” or “path”, but the term may have become more
common during European exploration and commercialization of the New World. Mariners sailing from Europe to the New World
could sail south until they reached the trade winds, which would then propel their ships across the Atlantic to the Caribbean. To
return to Europe, ships could sail to the northeast until they entered the westerlies, which would then steer them back to Europe.

This page titled 6.1: Winds and the Coriolis Effect is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha
Gownaris via source content that was edited to the style and standards of the LibreTexts platform.

¢ 8.2: Winds and the Coriolis Effect by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.

https://geo.libretexts.org/@go/page/50875


https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/50875?pdf
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/06%3A_Circulation_in_the_Atmosphere_and_Ocean/6.01%3A_Winds_and_the_Coriolis_Effect
https://creativecommons.org/licenses/by/4.0
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/06%3A_Circulation_in_the_Atmosphere_and_Ocean/6.01%3A_Winds_and_the_Coriolis_Effect?no-cache
https://rwu.pressbooks.pub/webboceanography
https://geo.libretexts.org/@go/page/4511
https://www.rwu.edu/academics/schools-and-colleges/fssns/faculty/paul-m-webb
https://creativecommons.org/licenses/by/4.0/
https://rwu.pressbooks.pub/webboceanography

LibreTexts"

6.2: Winds and Climate

How Do Convection Cells Impact Climate?

In the previous section we learned that rising air creates low pressure systems, and sinking air creates high pressure. In addition to
their role in creating the surface winds, these high and low pressure systems also influence other climatic phenomena. Along the
equator air is rising as it is warmed by solar radiation. Warm air contains more water vapor than cold air, which is why we
experience humidity during the summer and not during the winter. The water content of air roughly doubles with every 10° C
increase in temperature. So the air rising at the equator is warm and full of water vapor; as it rises into the upper atmosphere it
cools, and the cool air can no longer hold as much water vapor, so the water condenses and forms rain. Therefore, low pressure
systems are associated with precipitation, and we see wet habitats like tropical rainforests near the equator (Figure 6.2.1).
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Figure 6.2.1 Major global climatic regions in relation to atmospheric convection cells. Rising air and low pressure creates rain and
wet environments at 0° and 60° latitudes, while high pressure, sinking air creates drier conditions at 30° and 90° latitudes.
(Modified by PW; Map by Waitak at en.Wikipedia Later version(s) were uploaded by Splette at en.Wikipedia; Sun by
Inductiveload (Own work Based on File:Nuvola_apps_kweather.svg); Raincloud by Calusarul (Own work); all [CC BY-SA 3.0],
via Wikimedia Commons).

After rising and producing rain near the equator, the air masses move towards 30° latitude and sink back towards Earth as part of
the Hadley convection cells. This air has lost most of its moisture after producing the equatorial rains, so the sinking air is dry,
resulting in arid climates near 30° latitude in both hemispheres. Many of the major desert regions on Earth are located near 30°
latitude, including much of Australia, the Middle East, and the Sahara Desert of Africa (Figure 6.2.1). The air also becomes
compressed and heats up as it sinks, absorbing any moisture from the clouds and creating clear skies. Thus high pressure systems
are associated with dry weather and clear skies. This cycle of high and low pressure regions continues with the Ferrel and Polar
convection cells, leading to rain and the boreal forests at 60° latitude in the Northern Hemisphere (there are no corresponding large
land masses at these latitudes in the Southern Hemisphere). At the poles, descending, dry air produces little precipitation, leading to
the polar desert climate.
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The elevation of the land also plays a role in precipitation and climactic characteristics. As moist air moves over land and
encounters mountains it rises, expands, and cools because of the declining pressure and temperature. The cool air holds less water
vapor, so condensation occurs and rain falls on the windward side of the mountains. As the air passes over the mountains to the
leeward side, it is now dry air, and as it sinks the pressure increases, it heats back up, any moisture revaporizes, and it creates dry,
deserts regions behind the mountains (Figure 6.2.2). This phenomenon is referred to as a rain shadow, and can be found in areas
such as the Tibetan Plateau and Gobi Desert behind the Himalayas, Death Valley behind the Sierra Nevada mountains, and the dry
San Joaquin Valley in California.

Figure 6.2.2 A rain shadow. Air rising over mountains cools and condenses and forms rain, leaving dry descending air and arid
conditions on the other side of the mountain (Modified by PW from Thebiologyprimer, Public domain via Wikimedia Commons).

Rising and falling air are also responsible for more localized, short-term wind patterns in coastal areas. Due to the high heat
capacity of water, land heats up and cools down about five times faster than water. During the day the sun heats up the land faster
than it heats the water, setting up a convection cell of warmer rising air over the land and sinking cooler air over the water. This
creates winds blowing from the water towards the land during the day and early evening; a sea breeze (Figure 6.2.3). The opposite

occurs at night, when the land cools more quickly than the ocean. Now the ocean is warmer than the land, so air rises over the
water and sinks over the land, creating a convection cell where winds blow from land towards the water. This is a land breeze,
which blows at night and into the early morning (Figure 6.2.3).
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Figure 6.2.3 Land heats and cools faster than the ocean, so during the day the land is warmer than the water leading to rising air
over land and a sea breeze. At night, the ocean is warmer than the land, creating a land breeze (Modified by PW derivative work:
Ingwik (Diagrama de formacion de la brisa-breeze.png) [CC-BY-SA-3.0 or GFDL (http://www.gnu.org/copyleft/fdl.html)], via
Wikimedia Commons).

The same phenomenon leads to seasonal climatic changes in many areas. During the winter the lower pressure is over the warmer
ocean, and the high pressure is over the colder land, so winds blow from land to sea. In summer the land is warmer than the ocean,
causing low pressure over the land and winds to blow from the ocean towards the land. The winds blowing from the ocean contain

a lot of water vapor, and as the moist air passes over land and rises, it cools and condenses causing seasonal rains, such as the
summer monsoons of southeast Asia (Figure 6.2.4).
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Figure 6.2.4 Seasonal wind patterns and monsoons over India. In summer, moist air from the ocean moves over the continent and

rises, creating rain and the summer monsoons (pink arrows). In winter, winds are blowing from land to the sea, leading to the dry
season (green arrows) (By Saravask, based on work by Planemad and Nichalp [CC BY-SA 3.0], via Wikimedia Commons).
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This page titled 6.2: Winds and Climate is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.

o 8.3: Winds and Climate by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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6.3: Surface Gyres

From Wind to Ocean Gyres

The Earth's prevailing winds that blow across the water surface to create the major ocean surface currents. However, only about 2%
of the wind energy is actually transferred to the water, so a 50 knot wind only creates a 1 knot current. Furthermore, wind-driven
surface currents only affect the top 100-200m of water, meaning surface currents only involve about 10% of the world’s ocean
water. Later in this chapter we will examine deep, thermohaline circulation, which impacts around 90% of the ocean water.

Surface currents generally move in the same direction as the winds that created them. However, because of Coriolis deflection, the
surface currents are offset approximately 45° relative to the wind direction; 45° to the right in the Northern Hemisphere, and 45° to
the left in the Southern Hemisphere. This creates a general circulation pattern where in both hemispheres, surface currents flow east
to west between the equator and 30° latitude, west to east between 30° and 60°, and east to west between 60° and the poles (Figure

6.3.1).
/ﬁ/‘ Westerlies
Trade winds

A B \ Westerlies

Figure 6.3.1 Generalized surface currents in the Atlantic Ocean. A) Surface water moving at 45° relative to the trade winds create
the westward flowing equatorial currents. B) Between 30-60° latitude, the westerlies form eastward flowing surface currents (PW,
map by Catrin (Own work, Using GMT) [CC BY-SA 3.0], via Wikimedia Commons).

Trade winds

Equatorial currents

The trade winds create the equatorial currents that flow east to west along the equator; the North Equatorial and South Equatorial
currents. If there were no continents, these surface currents would travel all the way around the Earth, parallel to the equator.
However, the presence of the continents prevents this unimpeded flow. When these equatorial currents reach the continents, they
are diverted and deflected away from the equator by the Coriolis Effect; deflection to the right in the Northern Hemisphere and to
the left in the Southern Hemisphere. These currents then become western boundary currents; currents that run along the western
side of the ocean basin (i.e. the east coasts of the continents). Since these currents come from the equator, they are warm water
currents, bringing warm water to the higher latitudes and distributing heat throughout the ocean.

At the same time, between 30-60° latitude the westerlies move surface water towards the east. The Coriolis Effect and the presence
of the continents deflect the currents towards the equator, creating eastern boundary currents (on the eastern side of the ocean
basins). These currents come from high latitude areas, so they deliver cold water to the lower latitudes. Together, these currents
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combine to create large-scale circular patterns of surface circulation called gyres. In the Northern Hemisphere the gyres rotate to
the right (clockwise), while in the Southern Hemisphere the gyres rotate to the left (counterclockwise).

There are five major gyres in the oceans; the North Atlantic, South Atlantic, North Pacific, South Pacific, and Indian (Figure 6.3.2).
The North Pacific gyre is composed of the North Equatorial Current on its southern boundary, which turns into the Kuroshio
Current (a.k.a. the Japan Current) bringing warm water north towards Japan. The Kuroshio flows into the North Pacific Current
which moves east towards North America, where it becomes the California Current to complete the gyre. The North Atlantic gyre is
formed by the North Equatorial Current flowing into the Gulf Stream along the east coast of the United States. The Gulf Stream
merges into the North Atlantic Current to move water towards Europe, which then becomes the Canary Current as it moves south to
join the North Equatorial Current.
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Figure 6.3.2 The major global surface currents (http://www.seos-project.ev/modules/o...s-c02-p01.html, Source: NOC; CC BY-NC-
SA 2.0).

Near Antarctica the circulation is somewhat different. Because there is little in the way of continental land masses between 50-60°
south, the surface current created by the westerly winds can make its way completely around the Earth, creating the Antarctic
Circumpolar Current (ACC) or West Wind Drift (WWD) that flows from west to east (Figure 6.3.2). The Antarctic Circumpolar
Current is the only current that connects all of the major ocean basins, and in terms of the amount of water that it transports, it is the
largest surface current on Earth. Above 60° latitude the prevailing winds are the polar easterlies, which create a current flowing
from east to west along the edge of the Antarctic continent, the East Wind Drift or the Antarctic Coastal Current.

The Antarctic Circumpolar Current creates the southern boundary for all of the Southern Hemisphere gyres. In the South Pacific
gyre the ACC becomes the Peru Current (also known as the Humboldt Current) moving up the west coast of South America, before
joining the South Equatorial Current. The South Equatorial Current flows southwards as the East Australia Current, before
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completing the gyre with the ACC. The South Atlantic gyre is composed of the South Equatorial Current, the Brazil Current, the
ACC, and the Benguela Current. Finally, the currents making up the Indian gyre are the ACC, the West Australia Current, the South
Equatorial Current, and the Agulhas Current.

Not all of the equatorial water that is moved westward by the trade winds and reaches the continents gets transported to higher
latitudes in the gyres, because the Coriolis Effect is weakest along the equator. Instead, some of the water piles up along the
western edge of the ocean, and then flows eastward due to gravity, creating narrow Equatorial Countercurrents between the North
and South Equatorial Currents (Figure 6.3.2). Some of this water also moves east as equatorial undercurrents that flow at depths
between 50-200 m, underneath the Equatorial Currents. These undercurrents are called the Lomonosov Current in the Atlantic, and
the Cromwell Current in the Pacific.

This page titled 6.3: Surface Gyres is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via source
content that was edited to the style and standards of the LibreTexts platform.

e 9.1: Surface Gyres by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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6.4: The Gulf Stream

A Special Current: The Gulf Stream

The primary surface current along the east coast of the United States is the Gulf Stream, which was first mapped by Benjamin
Franklin in the 18th century (Figure 6.4.1). As a strong, fast current, it reduced the sailing time for ships traveling from the United
States back to Europe, so sailors would use thermometers to locate its warm water and stay within the current.
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Figure 6.4.1 Benjamin Franklin’s original map of the Gulf Stream (Public domain, via Wikimedia Commons).

The Gulf Stream is formed from the convergence of the North Atlantic Equatorial Current bringing tropical water from the east,
and the Florida Current that brings warm water from the Gulf of Mexico. The Gulf Stream takes this warm water and transports it
northwards along the U.S. east coast (Figure 6.4.2). As a western boundary current, the Gulf Stream experiences western
intensification (section 9.4), making the current narrow (50-100 km wide), deep (to depths of 1.5 km) and fast. With an average
speed of 6.4 km/hr, and a maximum speed of about 9 km/hr, it is the fastest current in the world ocean. It also transports huge
amounts of water, more than 100 times greater than the combined flow of all of the rivers on Earth.
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Figure 6.4.2 Sea surface temperature map illustrating the Gulf Stream. Warmer water is shown in red, colder water in blue and
violet. Meanders and eddies are visible where the current moves towards the northeast (NASA, Public Domain via Wikimedia
Commons).

As the Gulf Stream approaches Canada, the current becomes wider and slower as the flow dissipates and it encounters the cold
Labrador Current moving in from the north. At this point, the current begins to meander, or change from a fast, straight flow to a
slower, looping current (Figure 6.4.2). Often these meanders loop so much that they pinch off and form large rotating water masses
called rings or eddies, that separate from the Gulf Stream. If an eddy pinches off from the north side of the Gulf Stream, it entraps
a mass of warm water and moves it north into the surrounding cold water of the North Atlantic. These warm core rings are
shallow, bowl-shaped water masses about 1 km deep, and about 100 km across, that rotate clockwise as they carry warm water in to
the North Atlantic (Figure 6.4.3). If the meanders pinch off at the southern boundary of the Gulf Stream, they form cold core rings
that rotate counterclockwise and move to the south. Cold core rings are cone-shaped water masses extending down to over 3.5 km

deep, and may be over 500 km wide at the surface.

https://geo.libretexts.org/@go/page/49930


https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49930?pdf

LibreTexts"

o

1 Warm

/9/.
3 o *

Figure 6.4.3 Formation of warm and cold core rings from meanders in the Gulf Stream. As the Gulf Stream flows to the northeast
(1), it starts to meander as it slows, forming warm or cold water extensions on either side of the current (2). If the meanders pinch
off the extensions, they trap pockets of warm or cold water (3), that can separate from the Gulf Stream and travel north or south.
Warm core rings rotate clockwise, while cold core rings rotate counterclockwise (4) (PW).

After the Gulf Stream meets the cold Labrador Current, it joins the North Atlantic Current, which transports the warm water
towards Europe, where it moderates the European climate. It is estimated that Northern Europe is up to 9° C warmer than expected
because of the Gulf Stream, and the warm water helps to keep many northern European ports ice-free in the winter.

In the east, the Gulf Stream merges into the Sargasso Sea, which is the area of the ocean within the rotation center of the North
Atlantic gyre. The Sargasso Sea gets its name from the large floating mats of the marine algae Sargassum that are abundant on the
surface (Figure 6.4.4). These Sargassum mats may play an important role in the early life stages of sea turtles, who may live and
feed within the algae for many years before reaching adulthood.
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Figure 6.4.4 Map of the Sargasso Sea (left), and closeup photo of Sargassum algae (right) (Map by USFWS; photo by Bogdan
Giusca; Public Domain via Wikimedia Commons).

This page titled 6.4: The Gulf Stream is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.

o 9.2: The Gulf Stream by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.

https://geo.libretexts.org/@go/page/49930


https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/49930?pdf
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/06%3A_Circulation_in_the_Atmosphere_and_Ocean/6.04%3A_The_Gulf_Stream
https://creativecommons.org/licenses/by/4.0
https://geo.libretexts.org/Courses/Gettysburg_College/Oceans_of_Data_(Gownaris)/06%3A_Circulation_in_the_Atmosphere_and_Ocean/6.04%3A_The_Gulf_Stream?no-cache
https://rwu.pressbooks.pub/webboceanography
https://geo.libretexts.org/@go/page/4516
https://www.rwu.edu/academics/schools-and-colleges/fssns/faculty/paul-m-webb
https://creativecommons.org/licenses/by/4.0/
https://rwu.pressbooks.pub/webboceanography

LibreTexts"

6.5: Currents, Upwelling and Downwelling

Upwelling and Downwelling: Linking the Ocean Surface and Deep Waters

The movement of surface currents also plays a role in the vertical movements of deeper water, mixing the upper water column.
Upwelling is the process that brings deeper water to the surface, and its major significance is that it brings nutrient-rich deep water
to the nutrient-deprived surface, stimulating primary production (see section 7.3). Downwelling is where surface water is forced
downwards, where it may deliver oxygen to deeper water. Downwelling leads to reduced productivity, as it extends the depth of the
nutrient-limited layer.

Upwelling occurs where surface currents are diverging, or moving away from each other. As the surface waters diverge, deeper
water must be brought to the surface to replace it, creating upwelling zones. The upwelled water is cold and rich in nutrients,
leading to high productivity. Many of the most productive regions on Earth are found in upwelling zones. In the equatorial Pacific,
the trade winds blow the North and South Equatorial Currents towards the west, while Ekman transport causes the upper layers to
move to the north and south in their respective hemispheres. This creates a divergence zone, and a region of upwelling and high
productivity (Figure 6.5.1).
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Figure 6.5.1 Equatorial upwelling and increased productivity as a result of divergence between the north and south equatorial
currents (Modified by PW from image by NASA [Public domain], via Wikimedia Commons).

A similar process occurs near the Antarctic continent, creating one of the most productive regions on Earth, the Antarctic
divergence. In this case, the West Wind Drift (Antarctic Circumpolar Current) is flowing parallel to, but in the opposite direction of
the East Wind Drift. With both currents occurring in the Southern Hemisphere, Ekman transport will be to the left, so the eastward-
flowing West Wind Drift water will be transported to the north, and the westward-flowing East Wind Drift water will be transported

to the south, creating a highly productive divergence zone (Figure 6.5.2).
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Figure 6.5.2 High nutrient levels in the Antarctic divergence zone, as a result of the diverging West Wind Drift and East Wind Drift
currents creating strong upwelling (Modified by PW from Plumbago (Own work) [CC BY-SA 3.0], via Wikimedia Commons).

Downwelling occurs where surface currents converge. The converging water has nowhere to go but down, so the surface water
sinks. Since surface water is usually low in nutrients, downwelling leads to low productivity zones. An example of a downwelling
region is off of the Labrador coast in Canada, where the Gulf Stream, Labrador, and East Greenland Currents converge.

Coastal Upwelling

Upwelling and downwelling also occur along coasts, when winds move water towards or away from the coastline. Surface water
moving away from land leads to upwelling, while downwelling occurs when surface water moves towards the land. Historically,

some of the most productive commercial fishing grounds have been associated with coastal upwelling. Along the coast of
California, the local prevailing winds blow towards the south. Ekman transport moves the surface layer 90° to the right of the wind,
meaning the net Ekman transport is in an offshore direction. The water displaced near the coast is replaced by cold, nutrient-rich
deeper water that is brought to the surface through upwelling, leading to high productivity (Figure 6.5.3).
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Coastline

Upwelling

Figure 6.5.3 Coastal upwelling. As wind blows along a coastline, Ekman transport moves the surface layer in a direction 90° to the
wind. In this figure, it is to the right of the wind, indicating a Northern Hemisphere location. As surface water moves offshore it it
replaced by upwelled deeper water (By Lichtspiel [Public domain], via Wikimedia Commons).

The same process happens off of the coast of Peru, which for a long time had the world’s largest commercial fishery. Winds along
the Peruvian coast blow towards the north, and since Peru is in the Southern Hemisphere, the Ekman transport is 90° to the left of
the wind, which causes the surface water to move offshore and leads to upwelling and productivity. In any coastal upwelling
location, if the winds reverse, surface water moves towards the shore and downwelling is the result.

Upwelling can also occur due to geological features of the ocean floor. For example, as deep water currents encounter seamounts or
other raised features, the water is forced upwards, bringing nutrient-rich water to the surface. This helps explain why productivity is
often high in the water over seamounts.

This page titled 6.5: Currents, Upwelling and Downwelling is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by
Tasha Gownaris via source content that was edited to the style and standards of the LibreTexts platform.

e 9.5: Currents, Upwelling and Downwelling by Paul Webb is licensed CC BY 4.0. Original source:

https://rwu.pressbooks.pub/webboceanography.
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6.6: El Nifio and La Nifa

What is ENSO?

As we saw in the previous section, coastal upwelling off of Peru makes that region one of the world’s most productive fishing
grounds. But every so often, the conditions in the region are very different. Every few years, the cold, nutrient-rich water is
replaced by unusually warm water that is low in nutrients, leading to a decline in fish populations. In addition, the normally dry
areas receive lots of rain. Because this phenomenon occurs in the northern winter close to Christmas, it is called El Nifio (the
child). More formally, the event is referred to as El Nifio-Southern Oscillation (ENSQO). The Southern Oscillation portion refers to
the fluctuating atmospheric conditions that lead to the localized ocean warming of El Nifio. While the exact reasons for the
oscillation events are unclear, it is easier to understand how they lead to an El Nifio.

Under normal conditions in the equatorial Pacific, the trade winds blow towards the west, moving large amounts of warm surface
water towards the western Pacific around Southeast Asia. As the surface water moves west, it is replaced by cold, nutrient-rich deep
water through upwelling (Figure 6.6.1). The coastal upwelling leads to a shallow thermocline in the eastern Pacific. In terms of
atmospheric conditions, the trade winds are part of a convection cell called the Walker Cell. There is low pressure over the western
Pacific, leading to rising moist air and significant precipitation in the region. In the eastern Pacific near South America, there is
high pressure, leading to drier conditions (Figure 6.6.1).
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Figure 6.6.1 Normal conditions in the equatorial Pacific. Low pressure in the western Pacific and high pressure in the eastern

Pacific cause the trade winds to move surface water to the west, leading to upwelling and a shallow thermocline near South
America (Modified by PW from Fred the Oyster (Own work) [Public domain], via Wikimedia Commons).

During an El Niflo-Southern Oscillation, the high pressure system over the eastern Pacific diminishes, so the trade winds are

weakened, or in extreme cases will even reverse. When this happens, warm surface water begins to flow east across the Pacific
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towards South America (Figure 6.6.2), warming the coastal South American water by up to 8° C in strong ENSO years. This influx
of low density warm water deepens the thermocline and prevents upwelling, which dramatically reduces productivity and can
devastate populations of fish and other marine life.

Equator ——1

Thermocline

o o
120° E 80° W
Figure 6.6.2 El Nifio conditions in the equatorial Pacific. Weakening or reversal of the trade winds transport warm surface water
eastward towards South America, disrupting coastal upwelling (Public domain, via Wikimedia Commons).

In the atmosphere, the low pressure system in the western Pacific is replaced by high pressure, bringing dry or even drought
conditions to Southeast Asia and Australia. The low pressure system moves east across the Pacific, potentially reaching as far as
South America in strong El Nifio years. The low pressure over the eastern Pacific brings lots of rain and flooding to South America
(Figure 6.6.2). But the effects of El Nifio are not just limited to the Pacific; it can influence weather patterns throughout the globe
(see box below).

Because the Southern Oscillation is a cyclic pattern, the eastern Pacific is not subject just to unusually warm conditions. There are
also periods of abnormally cold water in the region known as La Niiia events. During a La Nifia the trade winds are unusually
strong, leading to increased upwelling and transport of deep, cold water to the surface (Figure 6.6.3). The effects of a La Niiia are
essentially the opposite of an El Nifio, bringing cooler and wetter conditions to the northwestern United States and Canada, while
the southeastern US receives below-average precipitation. Monsoon seasons in Asia are drier during El Nifios but wetter during La

Nifla events.
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La Nina Conditions

Thermocline

120° E 80° W

Figure 6.6.3 La Nifla conditions. Stronger trade winds promote more intense upwelling in the eastern Pacific, leading to cooler than
usual water temperatures (Public domain, via Wikimedia Commons).

El Nifio and La Nifia events alternate, although the presence of one does not always mean the other will automatically follow. El
Nifios occur roughly every 2-7 years, and each event may last from a few months to a year or more. Although we do not understand
exactly why or when the ENSO events will occur, we can anticipate their arrival by monitoring a number of ocean and atmospheric
phenomena that make up the Multivariate ENSO Index (MEI). Examination of the MEI over time demonstrates the cyclic nature of
ENSO events (Figure 6.6.4).

1 MULTIVARIATE ENSO INDEX

Standardized Departure

NOAA/ESRL/Physical Science Division — University of Colorado at Boulder/CIRES
1850 19556 1960 1965 1870 1975 18680 1885 1990 1995 2000 2005 2010 2015

Figure 6.6.4 Multivariate ENSO Index over time. Positive (red) values indicate warmer than normal conditions, while negative
(blue) values represent conditions that are cooler than average. The greater the deviation from zero, the stronger the event. Note the
intense El Nifios in 1983, 1997-1998, and 2015 (NOAA, https://www.esrl.noaa.gov/psd/enso/mei/).

Figure 6.6.5 shows a comparison of sea surface temperatures in the equatorial Pacific during normal, El Nifio, and La Nifia periods.
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Figure 6.6.5 Comparison of mean December sea surface temperatures in the equatorial Pacific during La Nifia (top), normal
(middle), and El Nifio (bottom) conditions (NOAA, http://www.pmel.noaa.gov/elnino/site...mal-elnino.gif).

Impacts of El Nifio

The 2014-2016 El Nifio was one of the strongest ENSO events on record (Figure 6.6.4). Some of the recorded global impacts of this
El Nifio included:

o Widespread droughts in the Philippines and many South Pacific island nations.

o Severe coral bleaching on the Great Barrier Reef in Australia.

o One of the most destructive bushfire seasons in Australia, in part due to low rainfall.

o High rainfall in the southeastern United States and parts of California, leading to flooding.

o Mild, low-precipitation winter in the New England region of the United States.

o Severe flooding in Peru and Argentina.

o Droughts in many portions of southern Africa.

o Nearly 100 million people worldwide suffered a lack of food or water from flooding and droughts.

o Peru suspended its second anchovy fishing season due to low biomass, and an anticipated 20% reduction in the yearly catch.

Additional links for more information

l e What are the current ENSO conditions?: https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/enso.shtml

This page titled 6.6: EI Nifio and La Nifia is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris via
source content that was edited to the style and standards of the LibreTexts platform.

e 9.6: El Nifio and La Nifia by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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6.7: Thermohaline Circulation

The Driver of the Ocean Conveyor Belt: Thermohaline Circulation

The surface currents we have discussed so far are ultimately driven by the wind, and since they only involve surface water they
only affect about 10% of the ocean’s volume. However, there are other significant ocean currents that are independent of the wind,
and involve water movements in the other 90% of the ocean. These currents are driven by differences in water density.

Recall that less dense water remains at the surface, while denser water sinks. Waters of different densities tend to stratify
themselves into layers, with the densest, coldest water on the bottom and warmer, less dense water on top. It is the movement of
these density layers that create the deep water circulation. Since seawater density depends mainly on temperature and salinity, this
circulation is referred to as thermohaline circulation.

The main processes that increase seawater density are cooling, evaporation, and ice formation. Evaporation and ice formation cause
an increase in density by removing fresh water, leaving the remaining seawater with greater salinity. The main processes that
decrease seawater density are heating, and dilution by fresh water through precipitation, ice melting, or fresh water runoff. Note
that all of these processes exert their effects at the surface, but don’t necessarily affect deeper water. However, changing the density
of the surface water causes it to sink or rise, and these vertical, density-driven movements create the deep ocean currents. These
thermohaline currents are slow, on the order of 10-20 km per year compared with surface currents that move at several kilometers
per hour.

Water masses

A water mass is a volume of seawater with a distinctive density as a result of its unique profile of temperature and salinity. As
stated above, the processes that affect seawater density really only happen at the surface. Once a water mass has reached its
particular temperature and salinity profile due to these surface processes, it may sink below the surface, at which point its density
properties won’t really change. We can therefore distinguish particular water masses by taking salinity and temperature
measurements at different depths, and looking for the unique combination of these variables that give it its characteristic density.
This is often carried out using temperature-salinity diagrams (T-S diagrams, see box below).

There are several well-known water masses in the ocean, particularly in the Atlantic, that are distinguished by their temperature and
salinity characteristics. The densest ocean water is formed in two primary locations near the poles, where the water is very cold and
highly saline as a result of ice formation. The densest deep water mass is formed in the Weddell Sea of Antarctica, and becomes the
Antarctic Bottom Water (AABW). Similar processes in the North Atlantic produce the North Atlantic Deep Water (NADW) in
the Greenland Sea (Figure 6.7.1).
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Figure 6.7.1 The primary sites of deep water formation; Antarctic Bottom Water is formed int he Weddell Sea, and North Atlantic
Deep water is formed in the Greenland Sea (PW).

This cold, dense water sinks, and once it is removed from the surface, its temperature and salinity remain unchanged, so it keeps
the same characteristics as it moves throughout the ocean as part of the thermohaline circulation. AABW sinks to the bottom in the
Weddell Sea and then moves north along the bottom into the Atlantic, and east through the Southern Ocean. At the same time
NADW is sinking in the Greenland Sea. This water mass is less dense than AABW and tends to form a layer above the AABW as it
flows across the equator to the south (Figure 6.7.2). As the NADW moves towards the Antarctic continent, it is brought to the
surface. Recall that near Antarctica there is the Antarctic divergence, where surface waters move horizontally away from each
other, and are replaced by deep water upwelling (bringing nutrients to the surface and leading to high productivity; see section 7.3).
Since polar water has a weak thermocline, there isn’t much of a density difference preventing the deep water from reaching the

surface, so some NADW rises as part of the upwelling process (Figure 6.7.2).
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Figure 6.7.2 The major water masses of the Atlantic Ocean (PW).

As the rising NADW reaches the surface, some travels south where it will eventually contribute to the production of new AABW.
The NADW that moves north encounters the Antarctic convergence, which produces downwelling. This sinking NADW becomes a
new water mass; Antarctic Intermediate Water (AAIW), which sinks and creates a layer between the surface water and the
NADW (Figure 6.7.2). The surface water in the equatorial Atlantic, also called the Central Atlantic Surface Water, is very warm
and low density, therefore it remains at the surface and does not contribute much to thermohaline circulation.

In the Atlantic, Mediterranean Intermediate Water(MIW) flows through the Straits of Gibraltar into the open ocean. This water
is warm and salty from the warm temperatures and high evaporation characteristic of the Mediterranean Sea, so it is denser than the
normal surface water and forms a layer about 1-1.5 km deep. Eventually this water will move north to the Greenland Sea, where it
will be cooled and will sink, becoming the dense NADW.

T-S Diagrams

A temperature-salinity (T-S) diagram is used to examine how temperature, salinity, and density change with depth, and to identify
the vertical structure of the water column, including the water masses it contains. Water temperature is on the y-axis, and salinity
appears on the x-axis. Often, instead of the actual temperature of the water, oceanographers plot potential temperature, which is
the temperature the water would achieve if it was brought to the surface and did not get any additional heat through compression at
depth. A T-S diagram shows lines of equal density, or isopycnals, for various combinations of temperature and salinity (Figure

6.7.3). You can then plot the values of temperature and salinity on the diagram, and use their point of intersection to calculate the
density of the water. In the example in Figure 6.7.3 a temperature of about 11° C and a salinity of 34.6 PSU results in a density of
1.0265 g/cm?.
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Temperature-Salinity Diagram
(lines of equal density in g/cm*3)
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Figure 6.7.3 Using a T-S diagram to determine density. A temperature of about 11° C (green arrow) and a salinity of 34.6 PSU (red
arrow) results in a density of 1.0265 g/cm3.

Since the range of densities in the ocean is rather small, often the density value is shortened and is expressed as sigma-t or o,.
Sigma-t is calculated as: (density — 1) x 1000. So it essentially just looks at the last three decimal places of the density value. Thus
a density of 1.0275 g/cm? would have a o of 27.5.

T-S diagrams can be used to identify water masses. Since each major water mass has its own characteristic range of temperatures
and salinities, a deep water sample that falls into that range can presumably have come from that water mass. Figure 6.7.4 shows
the typical range of temperature and salinity for the major Atlantic water masses.
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Temperature-Salinity Diagram

20 (lines of equal density in g/cm*3)

=
o

-t
(=]

Temperature (°C)

(3]

1 I 1 1 1 1 I 1 / .I 1 1 1 1 1
33.5 34.0 34.5 35.0 35.5 36.0 36.5

Salinity (PSU)

Figure 6.7.4 Characteristic ranges of temperature and salinity for the major Atlantic water masses; North Atlantic Central Surface
Water (NACSW), Mediterranean Intermediate Water (MIW), Antarctic Intermediate Water (AAIW), North Atlantic Deep Water
(NADW), and Antarctic Bottom Water (AABW).

To investigate water masses, oceanographers can take a series of temperature and salinity measurements over a range of depths at a
particular location. If the water column was highly stratified and there was no mixing between or within the layers, as the probe
was lowered your would get a series of constant temperature and salinity readings as you moved through the first water mass,
followed by a sudden jump to another set of different but constant readings as you moved through the next water mass. Plotting
temperature vs. salinity on a T-S diagram would result in a distinct and independent point for each water mass. However, in reality,
the water masses will show some mixing within and between layers. So as the probes are lowered, they will encounter water that
shows traits intermediate between the two points. Therefore, with increasing depth, the points on the T-S diagram will gradually
move from one point to the other, creating a line connecting the two points, illustrating mixing between those two water masses.

In the example in Figure 6.7.5, NACSW is present at the surface (0 m depth), and between 0 and about 800 m there is a transition
from NACSE into AAIW. Between about 800-2100 m there is a transition from AAIW into the NADW layer just beyond 2000 m.
AABW is the deepest water mass, at depths of about 4000 m. The transition between NADW and AABW occurs between about
2100-4000 m.
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Figure 6.7.5 Hypothetical T-S diagram for the North Atlantic. Points represent readings taken at the corresponding depths (m).
Moving from the surface to the bottom results in water of increasing density, passing through distinct water masses.

Notice that as the recordings get deeper in Figure 6.7.5, the density is always increasing (i.e. moving towards the bottom right
corner). This is because the densest water should be located at the bottom, with the other layers stratified according to their density,
otherwise the water column would be unstable.

The “Ocean Conveyor Belt”

The bottom water from the Weddell Sea and Greenland Sea does not just circulate through the Atlantic. NADW moves south
through the western Atlantic before meeting the AABW north of the Weddell Sea. Together these water masses move eastwards
into the Indian and Pacific Oceans. By this time the NADW and AABW have started mixing, to create what is called Common
Water. The deep Common Water moves northwards into the Pacific and Indian Oceans and gradually mixes with the warmer
water, causing it to eventually rise to the surface. As surface water, it makes its way back to the North Atlantic through the surface
currents of the Pacific and Indian Oceans. Once back in the North Atlantic, it cools and once again forms NADW, starting the
process anew. This cycle of rising and sinking water transporting water between the surface and deep circulation has been referred

to as the global oceanic “conveyor belt”, and may take about 1000-2000 years to complete (Figure 6.7.6).
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Figure 6.7.6 The global ocean “conveyor belt.” Cold, dense water sinks in the Greenland and Weddell Seas and circulates over the
seafloor into the Indian and Pacific Oceans (blue paths). Eventually the water rises to the surface, and returns to the site of bottom
water formation via surface currents (red paths), to start the cycle again (By Robert Simmon, NASA. Minor modifications by
Robert A. Rohde also released to the public domain (NASA Earth Observatory) [Public domain], via Wikimedia Commons).

This global circulation pattern has a number of important implications for Earth’s environment. For one, it is vital to the transport
of heat around the globe, bringing warm water towards the poles, and cold water to the tropics, stabilizing temperature in both
environments.

The conveyor belt also helps deliver oxygen to deep water habitats. The deep water began as cold surface water that was saturated
with oxygen, and when it sank it brought that oxygen to depth. Thermohaline circulation carries this oxygen-rich deep water
throughout the oceans, where the oxygen will be used by deep water organisms. Bottom water in the Atlantic is relatively high in
oxygen, as it still retains much of its original oxygen content, but as it travels over the seafloor the oxygen is used up, so that deep
water in the Pacific Ocean has much less oxygen than deep Atlantic water, with Indian Ocean water somewhere in between. At the
same time, deep water will accumulate nutrients as organic matter sinks and decomposes. Atlantic bottom water is low in nutrients
because it has not had much time to accumulate them, and the original surface water was nutrient-poor. By the time this bottom
water reaches the Indian Ocean, and after that the Pacific, it has been accumulating the sinking nutrients for centuries, so deep
nutrient concentrations are greater in the Pacific than the Atlantic. We can therefore use the ratios of oxygen to nutrients in the deep
water to tell the relative age of a water mass, i.e. how long it has been since it sank from the surface. Younger bottom water should
be high in oxygen and low in nutrients, while the opposite would be expected for older bottom water.

The ocean conveyor belt may be significantly impacted by climate change disrupting thermohaline circulation. Increased warming,
particularly in the Arctic, could lead to continuing melting of the polar ice caps, adding a large amount of fresh water to the polar
surface water. This input of fresh water could create a low density, low salinity surface layer of water that no longer sinks, thus
disrupting the deep circulation conveyor belt and preventing oxygen and nutrient transport to bottom communities. The sinking of
seawater in the Greenland Sea also helps drive the Gulf Stream; as water sinks, more surface water is pulled northwards in the Gulf

Stream. If this polar water stops sinking the Gulf Stream could weaken, reducing heat transport to the poles and cooling the

https://geo.libretexts.org/@go/page/50884


https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://geo.libretexts.org/@go/page/50884?pdf

LibreTexts*

northern climate. It seems counter intuitive, but global warming could lead to colder conditions in Europe and the freezing of ports
and cities that are usually ice-free due to the warming effects of the Gulf Stream. Recent evidence has already shown that the
strength of the Gulf Stream is waning, likely due to the increased melting of Arctic ice.

This page titled 6.7: Thermohaline Circulation is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tasha Gownaris
via source content that was edited to the style and standards of the LibreTexts platform.

e 9.8: Thermohaline Circulation by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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CHAPTER OVERVIEW

7: Plankton, Primary Production, and Hypoxia

@b Learning Objectives

After reading this chapter you should:

o define plankton and discuss some of the major groups of phytoplankton

o discuss the drivers of primary production in the ocean, including the major nutrients needed for production

e draw time series for primary production in polar, tropical, and temperate regions - and identify what drives these patterns
o understand what happens when too many nutrients enter marine systems, and humans role in this phenomenon

Primary production is the creation of new organic matter from inorganic substrates, and it is this organic matter that serves as the
base of the food web for most marine consumers. In the ocean, primary production occurs primarily thanks to small plants called
"phytoplankton”. These small plants are central to regulating our climate and providing the oxygen that we breathe - we wouldn't
be here without them. The next level of the ocean food web belong to "zooplankton" - unlike phytoplankton, the zooplankton
consist of tiny animals. Some of these species are plankton ("drifters") for their whole life, while others are larval stages of large
animals like fish and invertebrates.

Ll e

NASA satellite view of Southern Ocean phytoplankton bloom by NASA Suomi NPP satellite is licensed under a CC-SA-BY 4.0
License.

Because they are at the base of the food web, phytoplankton abundance controls the abundance of other marine life - from oysters
to blue whales. To grow, phytoplankton need two things: light and nutrients. But too many nutrients can be a bad thing, too, as it
can cause phytoplankton blooms that eventually lead to the loss of oxygen and die-offs in marine ecosystems.

This chapter will introduce you to phytoplankton and to the processes that control them. It will also introduce a special marine
ecosystem, the estuary, and specifcally will discuss how low oxygen conditions impact estuarine systems.

7.1: Primary Production & Primary Producers
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7.2: Drivers of & Patterns in Primary Production
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7.1: Primary Production & Primary Producers

What is Primary Production?

Primary production is the creation of new organic matter from inorganic substrates, and it is this organic matter that serves as the
base of the food web for most marine consumers. Primary production generally refers to the process of photosynthesis, or the
utilization of light energy to produce chemical fuels that is undertaken by plants and algae according to the reaction:

6 CO32 + 6 HyO — CgH1206 + 6 Oo (7.1.1)

Here, powered by light energy, carbon dioxide and water combine to produce glucose and oxygen. However, primary production is
also carried out by bacteria in the absence of light through chemosynthesis. Instead of light providing the energy for the reaction,
the energy comes from the oxidation of inorganic materials, such as hydrogen sulfide. Here we will concentrate on photosynthesis
because it plays a much larger role in total oceanic productivity than chemosynthesis.

The organisms responsible for oceanic primary production include a wide diversity of marine plants and algae. While many people
may be more familiar with the larger seagrasses and macroalgae (seaweeds), by far the greatest amount of photosynthesis in the
ocean comes from microscopic algae, the phytoplankton. The term “plankton” refers to organisms that drift with the currents, and
the phytoplankton are the free-floating algae that undergo photosynthesis (contrast this with the zooplankton, who are the drifting
animals).

The total amount of organic material created by the producers is called the gross primary productivity, or total production.
However, the primary producers consume a portion of this organic matter themselves through respiration, so the total amount that
is left to support the consumers in the ocean is called net production (gross productivity — respiration). Gross production can be
divided into two components, new production and regenerated production. New production is supported by nutrients brought in
from outside of the local ecosystem through processes such as upwelling or ocean currents. Regenerated production results from
the recycling of nutrients within an ecosystem.

Overall, marine productivity is similar to terrestrial production. Marine net production is about 35-50 billion metric tons per year,
while terrestrial production reaches 50-70 billion tons per year. However, the biomass responsible for that production in the ocean
is about 1-2 billion metric tons, compared to 600-1000 billion metric tons of biomass in terrestrial systems. So the oceans are
producing almost as much organic material as terrestrial producers, but are doing it from only a fraction of the amount of producer
biomass. One reason for this discrepancy is that the phytoplankton are constantly being consumed, while much of the terrestrial
biomass is much longer-lived than the plankton.

Who are the Primary Producers?

Although the phytoplankton are microscopic in size compared to marine plants and macroalgae like seaweeds and seagrasses, they
account for by far the greatest amount of photosynthesis in the oceans; about 95% of all marine primary productivity. Most of the
production by phytoplankton comes from three groups, the diatoms, dinoflagellates, and coccolithophores.

Diatoms are single-celled algae consisting of cellular material inside a shell, or test, made of silica, a component of glass. Diatoms
are relatively large, reaching up to about 1 mm in diameter, and come in a range of shapes, from circular disks to elongated or
triangular forms (Figure 7.1.1). In some species of diatoms individual cells link together into multicellular chains. Diatoms are very
efficient producers, with up to 55% of the absorbed sunlight energy incorporated into carbohydrate formation; this is one of the
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highest photosynthetic efficiencies known. Diatoms are most abundant in coastal and cold, nutrient-rich waters. Where diatoms are
bountiful, the underlying sediments are rich in their silica shells, creating siliceous sediment and diatomaceous earth.

Figure 7.1.1 A variety of diatom species from the Southern Ocean, seen under a light microscope (Prof. Gordon T. Taylor, Stony
Brook University, [Public domain], via Wikimedia Commons).

Dinoflagellates are another form of single-shelled photosynthetic algae that are generally smaller than diatoms, most with sizes in
the 0.015 — 0.04 mm range. Most dinoflagellates have a characteristic pair of flagella (hence the name); small whip-like “tails” that
they use for locomotion. Usually there is one flagellum that trails from the body to provide forward movement, and another that
encircles the cell to make it spin as it moves. Unlike diatoms, dinoflagellates do not have a mineralized shell. Instead, many are
covered by cellulose, which easily decomposes in seawater, so their shells do not really contribute to sediment formation (Figure
7.1.2). While most dinoflagellates undergo photosynthesis, some species will also ingest prey.

Figure 7.1.2 Electron microscope image of several dinoflagellate species. In some of the species, a groove can be seen running
around the circumference of the organism; this groove is usually home to one of the flagella (fickleandfreckled,
https://www.flickr.com/photos/fickle...led/6939384773, CC-BY 2.0).

A third, much smaller type of phytoplankton includes the coccolithophores, which range from about 5-100 micrometers wide. As
with diatoms and dinoflagellates, these are single-celled photosynthetic algae that contribute significantly to oceanic primary
production, but their cellular material is encased in a very different kind of shell. The test (shell) is made up of a number of
interlocking circular plates composed of calcium carbonate that link together to form a sphere (Figure 7.1.3). Coccolithophores are
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most abundant in warm, open ocean waters, and their sinking tests can lead to calcium carbonate sediments in some parts of the
ocean (see section 12.3).

Figure 7.1.3 Electron microscope image of the North Atlantic coccolithophore Coccolithus pelagicus (Richard Lampitt, Jeremy
Young, The Natural History Museum, London (http://planktonnet.awi.de/) [CC BY 2.5], via Wikimedia Commons).

Recent evidence suggests that another group of organisms, the bacteria, or picoplankton, may be very important primary
producers. Although they are very small, on the order of 0.2-2 micrometers long, they can be found in very high concentrations,
and may be responsible for up to 70% of all productivity in some parts of the ocean.

Harmful Algal Blooms

Primary production provides plentiful food resources for ocean consumers, so a high abundance of phytoplankton is a good thing,
right? As in many other cases, too much of a good thing can sometimes be dangerous, and an overabundance of dinoflagellates or

diatoms can often create serious concerns. These events are referred to as harmful algal bleoms, or HABs. HABs can occur for a
number of reasons, although a common one is an overabundance of nutrients, which is often due to excessive terrestrial runoff of
fertilizers or other nitrogen- and phosphate-containing materials. These conditions lead to an explosion in algal populations that can
change the color of the water if the cells are in high enough concentrations. Figure 7.1.4 shows a massive bloom that contained so
many dinoflagellate cells that it turned the water reddish-brown, a so-called “red tide.” (It has been suggested that Biblical
references to seas being “turned to blood” may have actually been describing red tide events).
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Figure 7.1.4 A red tide caused by dinoflagellates near the Scripps Institution of Oceanography Pier, La Jolla California (Alejandro
Diaz, Public Domain via Wikimedia Commons).

These massive algal blooms can have some serious consequences. For one, when all of this algae eventually dies off and sinks,
their decomposition uses up the dissolved oxygen in the water, leaving anoxic or hypoxic conditions that can lead to the mass die-
off of fish and invertebrates. Dinoflagellates and diatoms are also capable of producing toxins themselves. These phytoplankton get
eaten by fish, shellfish and other organisms, and in high abundances the toxins become concentrated in the tissues of the
consumers. When humans or other higher-level consumers then eat these organisms, the toxins are concentrated enough to cause
sickness or even death. For example, some dinoflagellates produce a toxin that causes paralytic shellfish poisoning, which can
occur in humans as soon as 30 minutes after eating infected shellfish. This toxin attacks the nervous system, producing symptoms
of dizziness, nausea, slurred speech, loss of feeling, and uncoordinated movements, and can ultimately be fatal. Diatoms produce a
toxin called domoic acid that causes amnesic shellfish poisoning, leading to memory loss, seizures, and potentially death. Domoic
acid poisoning also affects marine animals; it is thought to have been responsible for an event in Capitola, California in 1961 where
flocks of seabirds acted crazily, even attacking humans. This event inspired the Alfred Hitchcock movie “The Birds.”

This page titled 7.1: Primary Production & Primary Producers is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by
Tasha Gownaris via source content that was edited to the style and standards of the LibreTexts platform.

e 7.1: Primary Production by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
e 7.2: The Producers by Paul Webb is licensed CC BY 4.0. Original source: https://rwu.pressbooks.pub/webboceanography.
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7.2: Drivers of & Patterns in Primary Production

What do Primary Producers Need?

For terrestrial plants, many factors affect productivity, including light, temperature, nutrients, soil, and water. For phytoplankton,
soil is obviously not needed, and water availability is not an issue. Temperature is generally more stable in the ocean than on land,
so for phytoplankton, productivity comes down to the availability of light and nutrients.

Light

Since light is vital for photosynthesis, phytoplankton and other primary producers are limited to the uppermost layers of the ocean
where light is abundant enough to sustain the reaction. As depth increases, light intensity decreases until there reaches a depth
where photosynthesis can no longer occur (Figure 7.2.1). The region through which sufficient light for photosynthesis can penetrate
is called the photic or euphotic zone, which extends down to about 200 m.

In addition to undergoing photosynthesis, phytoplankton also respire, consuming some of the organic compounds they produce.
Rates of respiration are not light dependent, and respiration occurs at all depths and light levels. Therefore, as depth increases the
rate of photosynthesis declines as light is diminished, until a point is reached where the rate of photosynthesis equals the respiration
rate (Figure 7.2.1). This depth is the compensation depth, and it marks the lower level of the photic zone, and represents the depth
where net primary production ends. Below this depth, there is net respiration.

0
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Figure 7.2.1 As depth increases the rate of photosynthesis declines as light becomes limited. The rate of respiration remains
consistent at all depths. The depth where photosynthesis equals respiration is the compensation depth (PW).

Nutrients
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Nutrients are required by all of the marine primary producers. The major nutrients required by phytoplankton are nitrogen and
phosphorus, in the forms of nitrate NO3™, nitrite NO»%", ammonium NH,", and phosphate PO,4>". Many phytoplankton, particularly
the diatoms, also require silica, SiO», for shell formation. All of these nutrients occur in very small amounts in seawater, so they are
often the limiting factors for phytoplankton growth in most situations, particularly the nitrogen compounds. For example,
agricultural soil contains 0.5% nitrogen in the upper meter of soil, while surface ocean water contains about 0.00005% nitrogen,
1/10,000 the amount in soil.

Nutrients are not distributed evenly throughout the water column (Figure 7.2.2). Near the surface nutrients are quickly utilized by
phytoplankton as they become available, so surface waters are nutrient-poor. But as the phytoplankton are consumed or die they are
recycled into particles of organic matter, such as fecal pellets or carcasses, that sink into deeper water. Once in deep water,
decomposition of these materials releases the nutrients back into the water column. Because there are no producers to utilize them
at depth, nutrients are more abundant in deeper water.
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Figure 7.2.2 Representative nutrient profile in the open ocean. While this profile shows nitrate abundance, the profile is similar for
other nutrients such as phosphate and silica (PW).

These deep water nutrients are out of reach of the phytoplankton at the surface. The thermocline and density stratification of the
water column generally prevents the nutrient-rich deep water from mixing with the surface water. However, under certain
conditions this nutrient-rich deep water may be brought to the surface through the process of upwelling. Where upwelling occurs
there is usually high productivity as the phytoplankton can take advantage of the input of nutrients.

Temporal and Spatial Patterns in Primary Production

Primary productivity varies both geographically and seasonally. Geographically, phytoplankton abundance generally decreases as
you move from coastal to oceanic waters (Figure 7.2.3). Coastal waters are more productive than the central ocean for two main
reasons. First, runoff from land often contains a high abundance of nutrients which get deposited in coastal waters and stimulate
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production. Second, the shallower bottom along the continental shelf can trap nutrients and prevent them from sinking to greater
depths. It is easier for these nutrients to be brought back to the surface when they remain trapped in the shallows. Conversely, the
central ocean generally has very low primary production, as these areas are far removed from any terrestrial sources of nutrients,
and the great depth prevents the deep nutrients from returning to the surface.

Global averages for ocean surface primary production are about 75-150 g C/m2/yr. Some highly productive areas include the
California coast (200-300 g C/m?/year), the Southern Ocean (200-400 g C/m?/year), and the coast of Peru (200-400 g C/m?/year),
all regions with significant upwelling. The central ocean, by contrast, produces less than 50 g C/m?/year.

Figure 7.2.3 Global surface ocean primary productivity, as measured by chlorophyll concentration (Provided by the SeaWiFS
Project, Goddard Space Flight Center and ORBIMAGE [Public domain], via Wikimedia Commons).

Regional and seasonal changes in primary production are due to a combination of the availability of light and the amount of
nutrients provided by water mixing above the thermocline. In tropical regions sunlight is plentiful throughout the year, so light is
not a limiting factor. The surface water is always warm and there is always a pronounced thermocline, leading to highly stratified
water that prevents the nutrient-rich bottom water from reaching the surface. Thus productivity in tropical water is always nutrient-
limited, and productivity is low throughout the year (Figure 7.2.4). Because tropical water is nutrient-poor with little phytoplankton
production, the water is very clear, as is the case with water in the central ocean.

At the poles, the water is uniformly cold at all depths, so there is not much of a thermocline and little stratification, allowing
mixing to occur year-round (section 6.2). This mixing distributes nutrients throughout the water column, so that for much of the
year productivity will not be nutrient-limited. However, the polar regions may experience several months with little or no light
during the winter, and the fluctuation in light levels leads to variation is seasonal productivity. In the winter months, mixing is
occurring and nutrients are abundant, but there is no light, so there is no productivity. By late spring the sunlight returns, and
combined with the abundance of nutrients, a spring/summer bloom of phytoplankton occurs (Figure 7.2.4). By late summer, the
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nutrients have been depleted and zooplankton have been grazing on the phytoplankton, so the bloom begins to decline. In the
autumn, light levels decline and prevent further production throughout the winter. But during the winter the mixing is distributing
nutrients throughout the water, ready for the sun to return and stimulate a bloom in the following summer.

In temperate regions there is much more seasonal variation in the depth and intensity of the thermocline. The thermocline is
shallower and stronger in the summer, and is deeper and weaker in the winter, so mixing of deep and surface water is more
pronounced in the winter months. As with the poles, this winter mixing creates nutrient-rich water during the winter, but the lack of
light limits winter productivity. When light levels increase in the spring, the combination of abundant light and nutrients creates a
spring bloom of productivity. By late summer there is still plenty of light, but the nutrients have been depleted by the
phytoplankton bloom, and the summer thermocline has prevented further mixing, so productivity declines. In the autumn, cooler
temperatures weaken the thermocline, and increasing storms cause a deeper mixed layer to form, bringing nutrients back to the
surface. At the same time, there is still sufficient light available that a smaller autumn bloom occurs (Figure 7.2.4). But this bloom is
short-lived, as light declines throughout the autumn and into the winter. Again, there is little production during the winter due to
light limitations, but the winter storms and deep thermocline recharge the water with nutrients for the next spring bloom.
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Figure 7.2.4 Seasonal patterns of productivity in the Northern Hemisphere. Tropical regions are always nutrient-limited and show
low productivity. Polar regions are light limited in the winter and only display production during the late spring and summer
months when light is available. Northern temperate regions have a spring bloom, and a smaller autumn bloom (PW).

A Case Study of the Temperate Ocean

North Atlantic right whales are one of the most endangered whales in the world. They were traditionally hunted and remain
endangered today, with only a few hundred individuals surviving. Scientists are interested in learning more about right whale
migration patterns to help protect them and save them from extinction. Recently, scientists discovered that these whales spend
significant time feeding along the coast south of Cape Cod, Massachusetts, during March and April while they are moving from the
south, where they breed during the winter, to the north where they feed during the summer and fall. These whales are filter feeders
and eat a type of zooplankton called copepods, which in turn eat phytoplankton. Here, you will investigate why the whales’ food is
so abundant south of Cape Cod at this time of the year. You will answer this question by looking at the distribution of
phytoplankton (chlorophyll), nutrients (nitrate), water temperature, and sunlight (irradiance) in the ocean where these whales
feed.
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Now that we know how important patterns in primary production are, and the what these patterns look like at a global scale, let's
focus in on the The summary below (Figure 7.2.5) is based on the classic textbook version of how primary productivity changes in
temperate oceans.

Surface cooling

Surface heating

Surface cooling
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water mixing water mixing
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Figure 7.2.5 Typical changes in solar irradiance, water stratification, nutrients and phytoplankton biomass over the year in the
temperate ocean.

Use the data in the graphs below to further explore this explanation. You can interact with the data by

o turning on and off different variables to compare to chlorophyll
o hovering over a data point to view the data values of the different variables on that day
o turning on and off the different seasons to highlight winter, spring, summer and fallchat
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? Exercise 7.2.1

Why is spring the best time for whales to feed in this region? What would limit their food availability in the winter? What

about in the summer?

Answer

In the spring, there is finally enough sunlight to grow - and phytoplankton haven't yet used up all of the nutrients that were
mixed throughout the water column during the winter (when there is low stratification and a lot of mixing due to storms).
By the time the summer hits, the water is highly stratified, and plankton have used up all of the nutrients at the surface -
there is plenty of sunlight, but all of the nutrients are trapped below the photic zone, where phytoplankton can't benefit from
them. In the winter, the nutrients are mixed back up into the surface ocean as surface waters cool and stratification breaks
down - but, at that point, there isn't enough sun. So spring is really the goldilocks period for phytoplankton growth in
temperate ecosystems - and many organisms time their breeding to coincide with this period.
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