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Water’s Molecular Shape 
 

Let’s talk about water! H-2-O. What does that mean? Water is a liquid made up of billions of molecules of H-2-O, all 
swirling around at the molecular level like partners in a square dance or marbles in a shaking box. If we look more closely 
at one of these molecules, we see that it is made up of three individual atoms bonded together in a particular shape. Two 
hydrogens, each bonded to a central oxygen. Hence the chemical formula – H-2-O.  
 
Notice that in this model of a water molecule, the shape is bent. Why? To understand why water has this shape, we need 
to look even closer – inside the individual atoms – and study the atomic bonds. First, let’s review the components of a 
single atom. All atoms are made up of three subatomic particles – neutrons, protons, and electrons. Neutrons and 
protrons are trapped in the nucleus. They are not involved in the bonds that form between atoms. That role goes to 
electrons! Electrons do not reside in the nucleus. Instead they reside in energy shells that  surround the nucleus. The 
innermost shell is the smallest. It can contain at most two electrons. The next one out can hold at most eight. That’s also 
true for the next one. It gets more complicated after that, so let’s keep it simple and look at just these inner most shells. 
Remember, electrons have a negative-one charge, and protons a positive-one charge. Neutrons have no charge. As long 
as the number of electrons and protons in an atom or molecule are equal, that atom or molecule has no net charge. If it 
did, it would be called an ION. Because electrons reside outside the nucleus, they can freely move from one atom to 
another. If they do migrate, they will produce unequal charges (remember, protons aren’t moving, only electrons). When 
electrons transfer from one atom to another, they, thus, produce IONS.  
 
How many electrons in an atom? As long as it’s neutral, the number of electrons = the number of protons. How do we 
know the number of protons? The periodic chart of the elements describes the number of protons in the nucleus of all 
elements. For oxygen, the number is 8. For Hydrogen 1. These numbers, also known as atomic numbers, are the most 
important identifier of atoms. Any atom with 8 protons MUST be oxygen. And if it’s neutral oxygen, it will also have 8 
electrons. Let’s look closer at the neutral oxygen atom. Where do its electrons reside? The first two go in the innermost 
shell, which leaves 6 for the outer shell. This is a neutral oxygen atom, but it’s not chemically stable. To be stable it wants 
to have a full outer electron shell. In fact, that goal is what underlies all basic chemistry. Atoms bond with each other in 
ways to help create full outer electron shells. For example, oxygen wants two more electrons. If oxygen could get two 
more electrons would it be neutral any longer? No. What would be its net charge? -2. Would it be stable? Yes. So how can 
it arrange to get two more electrons? Two basic ways or bonds: sharing electrons (a covalent bond) or transferring 
electrons (an ionic bond). Since in ionic bonds, electrons are given from one atom to another, they produce two equal but 
oppositely charged ions. These opposite charges attract one another – forming an ionic bond.  
 
Let’s look closer at the water molecule and see what kinds of bonds it has. Remember that neutral Hydrogen atoms have 
only one electron, which sits in the innermost shell that can hold at most two. What does hydrogen want to be stable 
chemically? One more electron. What if oxygen, which wants two more electrons gets together with two hydrogens? Each 
shares one of its electrons with the other creating a covalent bond for a total of two covalent bonds in one water molecule. 
Those shared electrons orbit both nuclei and act as a glue holding the atoms tightly together. The result? There are 8 total 
electrons orbiting the oxygen in its outer shell and 2 electrons orbiting each hydrogen in its outer shell. All atoms have 
filled outermost shells, and the molecule is chemically stable. 
 
The shape of the water molecule comes from the shape of the underlying electron shells, which in the outermost energy 
shell of the oxygen are lobe-shaped, like a pyramid or a jack made of four points. In the hydrogen, the tiny inner electron 
shell is shaped like two lobes (barbells). To bond, one electron in one lobe of each atom overlap. That means the oxygen 
has two lobes that are bonding to one hydrogen each. The remaining two lobes are unbonded, but filled with electrons 
and stable. The two covalently bonded lobes thus produce a bent-shaped molecule. The higher electronegativity of 
oxygen (a characteristic of an atom that describes its propensity to hold tight to electrons), causes a drawing of electrons 
away from the hydrogens and towards the oxygen. Combined with the molecule shape, this drawing away of electrons 
means that the electron density is highest on the side opposite the hydrogen. The result is the molecule has a slightly 
positive side and a slightly negative side. Two oppositely charged sides or poles. Thus we describe the water molecule as 
polar.  
 
So what?! Why is it important that water is polar and has a bent shape? Because that shape GREATLY impacts its 
behavior, a behavior that is different than almost any other common substance, and that behavior is what allows life to 
function. Let’s learn more. 
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You’ll notice in this picture that because water molecules have oppositely charged sides, they like to stick to each other. 
Because the charges are only partial, the attraction here is not as strong as a full ionic bond. However, the slightly positive 
hydrogen of one molecule is attracted to and sticks to the negative side of a neighboring molecule. This stickiness creates 
a bond called a hydrogen bond. This stickiness of water causes some amazing behaviors upon which we all depend. 
 
The hydrogen bonds between water molecules mean water sticks together and forms a surface, or skin. As long as the 
pressure on this surface isn’t too great, the skin can withstand that pressure and remain connected. The water strider can 
walk on water because it is lightweight and distributes its weight over a large area through its body design. There’s never 
enough pressure on any one point to puncture the surface and fall through. We call this property of water surface 

tension, and it is what causes water droplets to form (instead of a sheet of water running down your window, it collects 
in drops). It’s also what allows you to overfill a glass of water without it overflowing. If we were to add more water to 
this glass, its weight would produce a gravitational force stronger than the hydrogen bonds, and it would overflow. 
 
Capillarity is a term we use to describe how water bonds itself to its surroundings (assuming the surroundings also have 
a charge or are also polar), and in the process can move against the force of gravity – uphill! This property allows water 
from the soil to reach the top of the Giant Redwood trees, over 300 feet above the ground. The water molecules are 
attracted to the sides of the thin capillaries and move upward molecule by molecule as they feel continued attraction. You 
can experience this at home if you hold a paper towel over a puddle of water or if your curtains get wet from a puddle on 
the floor of your living room. The water moves UP the curtains. These two images from the Austin’s Children Museum 
demonstrate this property. You can try this at home. Take two glasses – one dry – one with water. Place a paper towel 
between the two. Watch over time as the water moves against gravity, UP the papertowel, through the paper towel, and 
eventually into the empty glass – all due to the hydrogen bonding capability of water. 
 
Water is sometimes called the universal solvent, because it can dissolve more substances than any other common liquid. 
Why? Let’s drop a particular kind of solid into water – a solid that is made of ionic bonds where the outer bits of that 
solid will be made of ions – atoms with a net charge. Water molecules are attracted to that net charge and stick to the ions. 
When enough water molecules “gang up” and stick to the outside of an ion, they can overcome the strength of the ionic 
bond and pull the ion out of its crystalline structure. That ion is now what we refer to as dissolved in water. It is a single 
ion, surrounded by a sphere of water molecules, called a hydration sphere. As long as there’s enough water molecules 
available, the entire solid can dissolve through this process. 
 
Water is a good dissolver of any substance with full or partial ionic bonds, like salt – which is made of Na – sodium – and 
Cl – Chloride. Instead of sharing electrons, the sodium atom gives up one of its electrons to the chloride. The sodium now 
has a net positive-one charge and the chloride has a net negative-one charge. As long as those charged ions are close 
enough together and moving slowly enough (it’s cool enough) they will arrange themselves in an orderly pattern – and 
produce a solid salt crystal. When salt water is boiled, and the water evaporates, the dissolved ions within will no longer 
be separated by water molecules – they will find each other again – bond into an orderly pattern and precipitate as a salt 
crystal. Precipitation is the reverse of dissolution. 
 
Every year in Death Valley, California, waters rich in dissolved ions run out of the nearby mountains and collect in lakes 
in the valley floor. These waters are trapped in an inland valley that is lower than sea level and quite hot. High 
evaporation during the Summer creates layers of evaporite deposits including salt. 
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Water Phases 
Water is the only common substance found on Earth’s surface naturally as a solid (ice), liquid, and gas (water vapor or 
steam). The boiling or vaporization temperature of fresh water is 100 degrees Celsius or 212 degrees Fahrenheit. The 
melting or fusion temperature of fresh water is 0 degrees Celsius or 32 degrees Fahrenheit. Notice the perfect zero and 100 
numbers. The Celsius temperature scale was developed specifically around the main properties of water. So if the boiling 
point of water is 212 degrees Fahrenheit, how is gaseous water naturally present on Earth’s surface, when the temperature 
never reaches that high? To understand that we first have to describe the basic difference between solids, liquids, and 
gases. 
 
As we know, all substances are made up of individual atoms. Let’s imagine those atoms as marbles. To understand 
phases and temperature and heat, we first need to understand the concept of kinetic energy. Kinetic Energy is the energy 
of motion of the atoms in a substance. Kinetic Energy is calculated by taking the velocity or speed of motion and squaring 
it, then multiplying by the mass of the substance, and finally halving that product. The faster the motion of the atoms, the 
more Kinetic Energy it has. The velocity of a substance is how fast it’s moving in a straight path or how fast it’s vibrating 
if it’s bonded to a nearby atom. Temperature is a measurement of the average kinetic energy of the atoms in a substance. 
So as velocity increases, so too does temperature. Heat is a measure of the total kinetic energy of all the atoms in a 
substance. Objects with lots of motion carry a lot of heat. We can describe the average temperature of the oceans as the 
average kinetic energy of all the water molecules and dissolved ions in the ocean. We can also describe the heat stored in 
the ocean as the total kinetic energy of all the molecules and ions combined. The lowest temperature possible is called 
absolute zero (it corresponds to -273 degrees Celsius – VERY cold), and it represents no motion of the atoms at all. As you 
speed up the atoms, their temperature rises. If you slow down the velocity of atoms, you lower their temperature.  
To understand phases, let’s start with a a solid crystal at zero degrees kelvin, no kinetic energy whatsoever. The atoms are 
packed as closely together as they can get and are in an orderly bonded arrangement, like these marbles in a box. As heat 
or kinetic energy is added to the system, the marbles pick up some  velocity, not enough to break the bonds, so they just 
sit in their orderly arrangement but vibrate back and forth. The more heat, the more velocity, or the higher the 
temperature. Eventually the marbles start changing partners – as the melting point approaches. One by one they leave 
their orderly arrangement and begin to flow smoothly around each other as a liquid. They are still confined to close 
proximity, but they are free to move. Again as heat is added and temperature rises, the motion gets faster, until 
eventually they move so fast they separate completely from each other and move in space as with no connection to any 
other water molecule. We call this the gas phase. Now let’s do the reverse and start with a high temperature situation – 
which corresponds to high velocity. If we can take heat or kinetic energy away from this system, the marbles will slow 
down and get closer together. Their temperature will drop, and the system will contract. Eventually the marbles will get 
close enough together that they feel each other. Once they are close enough that they develop temporary and loose 
bonding, they are now like marbles in a jar, swirling around, mixing themselves up, changing partners, but stuck together 
within a set space. They are much more contracted (denser) and slower than they were as a gas, but they are still free to 
move as a liquid. This picture shows jelly bellies, at the factory, being rotated in drums to create an even shape. The 
worker here is adding the flavoring and coloring, as the jelly bellies rotate around. This process simulates what’s 
happening at the atomic level in all liquids. The atoms or jelly beans or marbles are in a continually swirling motion, but 
in very close proximity. With continued heat loss, the velocity slows until atoms are trapped amongst each other, as a 
solid, often in an orderly arrangement. Like this image of a still jar, the marbles can vibrate in place, but it’s difficult for 
them to change position. Notice that they are packed in an even tighter, denser arrangement.  
 
So… back to water. How is gaseous water naturally present on Earth’s surface, when the temperature never reaches that 
high? To make ALL the water molecules in an area into vapor, we need to get them above 100 degrees Celsius. However, 
if any single water molecule gets enough velocity to break the hydrogen bonds that keep it next to its buddies, then it can 
escape the liquid and become a gas. All open bodies of water, including a glass of water left out on your counter, will lose 
some of their water to the surrounding air. Anyone who’s been to a desert region knows how quickly the water in their 
sweat will evaporate. And anyone who’s been to a humid, muggy region knows how quickly water from the air will 
precipitate on their skin and drench them over time. We’ll talk more about that later when we discuss relative humidity. 
 
For most normal substances, as heat is removed from the molecules, they are able to get closer together and become 
denser. And the solid form is the most dense form. However, water behaves much differently as we know well from 
having our solid ice cubes float atop our liquid sodas. The solid form of water – ice –is LESS dense than the liquid form 
Why? The shape of the water molecule of course. As long as water molecules have enough velocity, they can slide in and 
around each other. However, when they slow down enough, they pack together in a hexagonal structure based on 
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hydrogen bonding. This structure leaves a large hole in the middle of every six water molecules and thus produces a 
more expanded less dense form.  
 
Dissolving salt in water not only drops the melting point of water, but also raises the boiling point. Antifreeze in your 
car’s radiator follows a similar process. In both cases, you are adding dissolved ions which inhibit water molecules 
bonding to each other and traps them in hydration spheres around the dissolved ions. Antifreeze makes it harder for the 
radiator fluid to boil away (has to get even hotter before that happens) and harder for the fluid to freeze (has to get even 
cooler before that happens). The higher boiling point means that the pasta in your boiling water cooks at a higher 
temperature (and should be done sooner!), and the lower melting point means that adding salt to roadways means it has 
to get even colder before ice will form. 
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Water Density 
For most normal substances, as heat is removed from the molecules, they are able to get closer together and become 
denser. And the solid form is the most dense form. However, water behaves much differently as we know well from 
having our solid ice cubes float atop our liquid sodas. The solid form of water – ice –is LESS dense than the liquid form 
Why? The shape of the water molecule of course. As long as water molecules have enough velocity, they can slide in and 
around each other. However, when they slow down enough, they pack together in a hexagonal structure based on 
hydrogen bonding. This structure leaves a large hole in the middle of every six water molecules and thus produces a 
more expanded less dense form. Let’s look at that more closely. 
 
Once water cools to very near its freezing temperature (zero degrees), it starts to develop zones of crystals in the 
hexagonal arrangement previously described – the ones that actually take up more space than the liquid form. When does 
that start to happen? About 4 degrees Celsius. The result? The liquid starts to expand. The water becomes less dense and 
rises!. And when, at zero degrees Celsius, it completely freezes, it’s now made up of 100% of that expanded crystal 
structure, and it is so low density that it floats. This behavior is important for natural freshwater bodies on land. It’s what 
allows fish to survive winter in the bottom of lakes that are frozen. If ice was denser than water, then lakes would freeze 
from the bottom upwards, and fish would get frozen out of the lakes. Because, however, freshwater below 4 degrees 
Celsius is LESS dense than 4 degrees Celsius water, whenever the coldest water in the lake (usually the bottom water), 
gets colder than 4 degrees Celsius, it starts to rise to the surface where it either warms up there or freezes and creates an 
ice cover. Thus, lakes freeze from the top down and are more likely, if deep enough, to retain pockets of warmer water 
beneath the ice for fish. 
 
These molecules of water demonstrate what happens as water moves  from solid to liquid to gas and back again. Notice 
the orderly arrangement of the solid and the big space left in the middle. 
 
Freshwater is the standard against which the density of all other materials are measured. The SI system of units – 
including grams and Liters was developed around water. The definition of 1 gram is the amount 1 cubic centimeter or 1 
milliliter of freshwater weighs at 4 degrees Celsius at sea level.  
 
This chart compares the temperature of water to its density (notice the X-axis shows water temperature decreasing to the 
left, and the Y-axis shows density decreasing as we move down). The red line shows how the density of water changes as 
the temperature changes. Starting on the right, we see that 20 degree Celsius water is less dense than water at 4 degrees 
Celsius. This is what we would expect, as raising temperature means higher Kinetic Energy, which means atoms can 
move further apart. As temperature decreases, the atoms get closer together, and become more compact or dense. 
However, as we already discussed and as this graph makes clear, when we cool below 4 degrees Celsius, some of the 
water molecules get close enough together that they begin to form the orderly hexagonal pattern they will have asa solid 
and the density starts to drop.  
 
Here is a list of the density of other common materials. Notice that ice is less dense: 0.917 grams per cubic centimeter. 
Olive oil is less dense as well. That’s why it floats on water. Alcohol is even less dense, which is why alcohol floats on 
olive oil. Also, notice how much denser metals are. And finally, notice that seawater is denser than freshwater. Why? 
Let’s look more closely at that question. 
 
There are two ways to change the density of water. One is through temperature as we’ve already discussed. The other is 
through the addition of dissolved ions. Salinity is a measurement of the percentage of dissolved ions in a body of water. 
The higher the salinity, the denser the water. This picture shows swimmers in the Dead Sea, a highly salty body of water 
in the Middle East. Because of its salinity, this water is extremely dense. You can tell that because the swimmers are 
floating much higher in the water than they normally would. How high something floats atop another substance is a good 
measurement of the difference in density between the two. As long as you know the density of one of the substances, you 
can use the float level as a way of determining the density of the other. We use a device called a hydrometer to measure 
the density of water, based on how high it floats. The higher this device floats in the water, the denser the fluid is and the 
larger the number that will register at the water line. 
 
So why is saltier water denser? The heavy ions that are trapped within hydration spheres add to the mass without 
changing the volume. That increases density. You can test this yourself by adding salt to water and letting it dissolve. The 
volume of water will NOT change, but the salt crystals will disappear. Why? They’ve been surrounded by polar water 
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molecules and pulled apart as discussed earlier. Of course, once water molecules are busy separating dissolved ions, what 
happens to water’s ability to hydrogen bond to itself? It decreases That means that as you cool the water, and all the 
molecules and ions slow down, they still remained trapped in hydration spheres. It’s harder to create hexagonal patterns. 
Not only does that cause the freezing point to lower, but it also eventually eliminates the  the density inversion below 4 
degrees. Let’s look at that more closely. 
 
This graph shows exactly at what salinity the density inversion disappears. Here Temperature increases as we move up 
on the Y axis, while salinity increases as we move right on the X axis. The black line shows the melting temperature of 
water. For pure water (0 dissolved ions), the melting temperature is what we know it to be:  0 degrees Celsius. Notice that 
as salinity increases, the melting point lowers. Seawater, with an average salinity of 35 parts per thousand corresponds to 
a melting temperature of about -1.5°C. The red line shows the temperature of maximum density of freshwater. Notice that 
for pure water it has a maximum at 4 degrees Celsius. However, as salinity increases, not only does freezing point drop, 
but so too does the maximum density temperature. Why? It’s harder for water to hydrogen bond to itself when there’s a 
lot of dissolved ions trapped in hydration spheres. However, the maximum density temperature is dropping FASTER 
than the freezing temperature. So, by about 25 parts per thousand salinity, the density inversion entirely disappears. All 
water with higher salinity – including all ocean water – will simply get denser as it cools all the way until it freezes. What 
happens then? When seawater freezes, it’s only the water molecules that bond to each other. The dissolved ions will be 
left behind in a super salty brine, and the ice will be pure, less dense, and float atop the icy brine. Where does this 
happen? At the poles. 
 
The cold temperatures of the poles lead the seawater there to be the highest density in the world. These pictures show an 
interesting phenomenon that takes place under the Antarctic ice sheet. As ice forms at the surface the ions that are forced 
out saturate the surrounding water creating pockets of super-salty brines. Their freezing temperature drops substantially 
below that of normal seawater – which allows them to get as cold as -6 or 7 degrees Celsius. The highly dense cold and 
salty brines drill down through the ice and when they meet the normal seawater underneath, with a normal 
melting/freezing point of -1.5 degrees Celsius, the much colder brines cause the first water they touch to freeze. The 
result is the formation of a hollow tube of ice as the brines descend. The tube is made of frozen normal seawater. Within it 
descends the super salty brines from above. You can see what happens to these fluids as they hit the seafloor – they don’t 
mix easily because their density is so much higher than the surrounding water. Instead they stay on the bottom and 
spread out across the seafloor. 
 
This same thing happens on a larger scale in the oceans as a whole. This bathtub cross-section of the oceans shows the 
equator in the middle, the Arctic on the left, and the Antarctic on the right. Notice that ALL the deep water in the world’s 
oceans is formed by cold dense waters in the poles sinking and spreading out laterally. What’s left is a thinner layer of 
warmer surface water sitting over cold dense polar waters. Even at the equator, where the surface waters can be quite 
warm, the water at depth is cold polar water. The boundary between these two water layers is called the a pycnocline – 
pycno means density – cline means changing. It is the zone where the density changes substantially from the surface layer 
to the deep layer beneath.  
 
The Rio Negro is a tributary of the Amazon River. It is dark brown because of all the dead vegetation that seeps into it 
from the rain forest. The Rio Solimoes is a milky tan color because of all the sediment it has collected in the Andes 
mountains. Amazingly, these two bodies of water don't mix for 6 miles, because of their differing density. 
 
San Francisco Bay combines seawater that comes in under the Golden Gate Bridge with freshwater that comes in from the 
Sacramento River. Where the two meet there is partial mixing. The denser saltwater partially wedges itself under the less 
dense freshwater which sits atop it. There are parts of the North Bay where you can be in a boat in fresh water at the 
surface and drop a fishing line down to a depth that’s almost all saltwater. 
 
We will talk more about all these concepts in the next few weeks. But it’s important to know right now how much of the 
mixing in the oceans is driven by density. 
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The Heats of Water 
 
Water has the highest heat capacity of all common liquids. That means it has the CAPACITY to accept a lot of heat (or 
kinetic energy) BEFORE its temperature rises. Why? Those hydrogen bonds. They keep water molecules locked together 
in a loose bonding that means it takes more energy transfer before their velocity can increase. Think about locking arms 
with your fellow classmates and then trying to run a race. You’ll always be slower than those running separately. We 
experience different heat capacities when we are outside on a hot day. In this image from the Everglades in Florida, we 
see two small alligators – reptiles whose internal temperature comes mostly from their surroundings and must move 
within its environment to locations to minimize its chances of getting overly hot or overly cold. Although the same 
amount of heat is being transferred by the Sun to all parts of this environment, they do not all have the same temperature. 
The object with the highest temperature is the rock. It has a LOW heat capacity. The coolest location is the water – it has a 
high heat capacity, and will remain cool even with lots of added daily heat. Heat capacity and specific heat are very 
similar terms. They both refer to how much heat is required to raise the temperature of a substance. Heat capacity is a 
broad term used to describe a large body, like an entire rock or an entire lake. Specific heat is used only to refer to 1 gram 
of the substance in question. The unit used to measure heat is a calorie. We all know about calories in the food we eat. But 
those calories are actually KILOCALORIES – or 1,000 calories. A Big Mac, for example, has 540,000 calories.  
 
The specific heat of a variety of substances is provide here. Notice that the highest is for water. Its value is 1 calorie per 
gram degree Celsius. Again we have a system of measurement and units developed around water. The definition of 1 
calorie is the amount of heat added to 1 gram of water to make its temperature rise 1 degree Celsius. All other specific 
heats are smaller than 1 (or fractions). Each type of rock has a different specific heat. In this image of the Karajini Gorge in 
the Pilbara Desert of Western Australia, the temperatures is 116° Fahrenheit. That’s hot! If you were in this environment 
right now, where would you go to cool down? First choice for me? The water. Second? The vegetated areas.  
The calories in a Big Mac would raise 540 Liters of water 1 degree Celsius. For 540 Liters of the iron-rich shale in this 
picture, those same calories would raise the temperature almost 5 times more! That’s why if I was walking through this 
area barefoot (as I was when I ran from the trees to the water), my feet could get seriously fried en route! 
 
Water also has the highest latent heat of melting of any common substance. It takes 80 calories of heat to melt 1 gram of 
ice. Heat that’s used to break bonds is called Latent Heat. Unlike specific heat, it does NOT change temperature. The 
calories in a Big Mac would be able to melt 6,750 grams of ice or 6.7 kilograms. A cooler takes advantage of the high latent 
heat of melting – because the heat used to melt the ice is heat that’s removed from your food. The heat you’re adding to 
the ice is Latent Heat. The heat removed from your food is Specific Heat and it makes it colder. 
 
The heat required to evaporate water is even higher and also one of the highest of any common substance – it takes 540 
calories of heat to melt 1 gram of liquid water. The calories in a Big Mac would be able to evaporate only 1000 grams (1 kg 
or 1 liter) of water.  
 
Sweating takes advantage of the high latent heat of evaporation – because the heat used to evaporate the sweat is heat 
that’s removed from your skin, cooling you off. The heat you’re adding to the water is called Latent Heat because it is 
used to break bonds. The heat removed from your skin is called Specific Heat, because it is used to change temperature. 
You’ll also notice there that water CAN evaporate at temperatures less than the boiling point, as discussed earlier. 
However, when it does, it requires even more heat. 
 
This image helps us see how heat or kinetic energy is transferred during the changes of phase from ice to liquid water to 
vapor. To melt 1 gram of ice takes 80 calories. To warm that gram 1 degree Celsius takes 1 calorie. To warm it 100 degrees 
to its boiling point takes 100 calories. To evaporate it takes 540 calories. Whatever provided that heat (such as the 
surrounding air) will be cooler as a result (because it gave up heat). The reverse means taking heat out of the water and 
giving it to the surroundings. When vapor precipitates as liquid water, 540 calories of heat are given off to the 
surroundings. When it rains, the surroundings warm up a bit as a result. As liquid water cools, heat is given away to 
something else. And as water freezes in your freezer, heat is removed and must be transferred somewhere else. You can 
feel that heat when you reach behind your refrigerator and feel the hot venting air. Note here that we are combining two 
kinds of heat – latent and specific – to describe this entire process. If bonds are broken with no temperature change, it’s 
latent heat. If temperature changes, it’s specific heat. One or the other. 
 
Here’s another way to show what happens when ice melts. Notice the X-axis shows increasing addition of calories as you 
move to the right. The Y-axis shows increasing temperature as you move up. If we start in the lower left hand corner with 



Page 8 

1 gram of ice at minus 40 degrees Celsius, we can see that by adding 20 calories of heat, we raise the temperature of ice to 
its melting point. (The specific heat of ice is ½ a calorie per gram degree Celsius.) At the melting point, we add 80 calories 
of heat to break the bonds and melt it. Then we add another 100 calories to get the liquid water to raise its temperature to 
its boiling point. (The specific heat of water is 1calorie per gram degree Celsius.) At the boiling point, we add 540 calories 
to vaporize it. Finally, we add 8.8 more calories to raise the temperature of the resulting steam to 120 degrees Celsius. 
(The specific heat of steam is 0.44 calories per gram degree Celsius.) When we add everything up, we see it took a total of 
748.8 calories of heat to make the complete change. But most of that heat was required for the vaporization stage. 
 
Notice this picture of an air-conditioning unit. Hot dry air is blown over a pan of water. The hot dry air evaporates water, 
but to do so it takes 585 calories per gram (since the water is cooler than its boiling point). Where is that heat coming 
from? The air? What happens to the air as a result? It cools down. In fact, 1 gram of it cools down for every calorie it loses. 
That’s a lot of cooling of a lot of air that can happen for just a little evaporation. 
 
The high latent heat of vaporization of water has a big impact on world weather and climate systems. Water, in its 
evaporated form, is storing 540 calories of heat per gram. That heat is given off to the surroundings when the water 
precipitates back as rain. Water also affects the density of air. As water molecules evaporate, they push away and displace 
the nitrogen (N2) and oxygen (O2) molecules that dominate air’s composition. But water weighs less than nitrogen or 
oxygen molecules – almost half as much. So air rich in water is less dense than dry air.  
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Seawater – Physical Properties – Light, Viscosity, and Pressure 
 
Another important characteristic of water is how it transmits light. Most water lets at least some light through it, but this 
light is bent. We see that clearly when we put an object halfway into water and we see that the outside lines don’t match 
up. This bending of light is also visible when we see a rainbow. In this case, the sunlight – white light that’s composed of 
all colors of the spectrum – red, orange, yellow, green, blue, violet – bends as it travels through water droplets in the 
cloud. Each color of light has a different wavelength, so each color bends at a different angle. The water droplets actually 
split the light into all its colors, and a rainbow results. 
 
This image shows how light interacts with colored objects. In this case, we take white light, which contains all colors of 
light, and we shine it on a blue-pigmented object, such as a blue binder. The pigment makes the object opaque to blue 
light – so the blue cannot be absorbed. Every other color is absorbed (and bends or refracts at different amounts 
depending on the refractive index of the material), but the blue reflects off the surface and returns to our eye. What we see 
is only the blue light, and the object looks blue.  
 
This image shows a cross-section across the continental margin. You can clearly see the shelf, slope, and in this case also a 
trench. The photic (or euphotic) zone is the area of the ocean’s surface where at least 1% of visible light penetrates.  
Depths below which 0% of visible light penetrates is known as the aphotic zone. Between these two zones (0-1% visible 
light penetration) lies the disphotic zone.  
 
In the open ocean, with mostly clear water, white light descends through the photic zone, with increasing absorption with 
depth by water molecules and the dissolved ions within it. As you can see from this absorption spectrum, red light is 
absorbed first. Blue remains the longest. Hence, when we look down into clear deep ocean, the color we see is blue.  
 
In the nearshore, coastal ocean, water is typically filled with varying amounts of suspended sediment and microscopic 
plankton. As you can see from this absorption spectrum, blue light is absorbed first, followed by red, and then yellow. 
Green remains the longest. Hence, when we look down into these waters, the color we see is green.  
 
You can also see from this graph that the percentage of solar energy that makes it to various depths decreases when we 
enter the turbid coastal area with lots of suspended material. Attenuation is the term we use to describe an increasing % 
of absorption and thus less of the original light left as we descend. Turbid waters have a higher attenuation than clear 
waters. 
 
The combination of all these factors lead to the different colors and transparencies of waters around the world’s oceans. In 
Cancun, Mexico, there is a lack of suspended materials or living plankton. Big Sur has a lot of plankton in the water. San 
Francisco has both plankton and suspended sands and muds. 

 
 
This image shows a copepod and two dinoflagellates – all planktonic organisms that live at the ocean’s surface. For them, 
an important part of water’s physical properties is its viscosity – or resistance to flow. To us, water might seem to have 
no resistance to flow – thus have a very LOW viscosity. From our vantage point, water certainly appears to flow regularly 
and easily down hills and over tabletops. But how does it feel to a microscopic planktonic organism that is 2 millimeters 
wide or less? To them, the viscosity of water can feel like honey or molasses or syrup. These organisms depend on water’s 
viscosity to resist their sinking and keep them afloat. However, just like syrup, the viscosity of water can change.  
What happens to syrup when we heat it up? It flows faster. Its viscosity drops. What about high-sugar maple syrup 
versus maple syrup with low-sugar? High-sugar content (or high amount of dissolved ions) makes it more viscous. The 
same is true for seawater. The highest viscosity seawater is cold and salty – the lowest is warm and fresher.  
 
If you’re a planktonic organism in the world’s oceans and you need to stay afloat, which kind of water would you prefer? 
And what would happen when the conditions changed on you? It could become either easier or harder to move. Which 
would you prefer? If you can’t swim well, you probably need high-viscosity water to buoy you up. And if that water 
heated up, you’d lose that buoyancy, and you’d fall to the bottom of the seafloor with all the other things at the ocean’s 
surface that are too heavy to withstand the force of gravity.  
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What happens to these organisms as they descend into the depths of the oceans? It gets colder, and also becomes higher 
in pressure. Organisms that live in the deep ocean have to deal with the high pressures from the weight of overlying 
water. 
 
On land, air pressure comes from the weight of the air above us. In the oceans it comes from the weight of the air and the 
water. And the weight of the water has a much greater impact. At sea level, the air pressure is 14 pounds per square inch 
or 1 atmosphere (abbreviated as atm). For every 10 meters you descend in the oceans, the pressure increases by 1 
atmosphere. At 10 meters, it’s 2 atmospheres, at 20 meters, it’s 3. At 1000 meters, or 1 km, it’s 101 atmospheres. What’s the 
pressure at 3 km in the center of the mid-ocean ridge rift valleys? 301 atmospheres! That’s 300 times the surface pressure. 
What happens to objects that descend that deep? They get compressed. Really compressed. These styrofoam cups were 
sent 3 kilometers down in the oceans in a submersible, where they were exposed to the pressures of the seawater by a 
robotic arm on the submersible. The air in the styrofoam compressed under that pressure, and the cups shrank as you can 
see here.  
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HEAT TRANSFER 
 

Now that we understand heat capacity, we can move forward into heat transfer. We know that deep oceans are cold and 
the surface is warmest. Why? Where is the heat coming from and how does it move around the oceans?  Earlier we 
discussed how heat is transferred from your skin to the sweat on it to make it evaporate. How does that happen? Heat (or 
kinetic energy) is transferred from an area where it’s currently high – your skin -- to an area where it’s lower, your sweat 
and the air. The heat transfer continues until equilibrium is reached – or until all the molecules in a given area have the 
same energy. There are three ways to transfer this energy: conduction, convection, and radiation. 
 

Conductive heat transfer is what happens in this picture when heat is transferred along the handle of the pot. This heat is 
transferred between atoms in contact with each other. In a solid, molecules transfer vibrational energy physically to their 
bonded neighbors. Imagine linking arms with everyone in class, so you’re trapped in a solid form and then try to transfer 
energy just by bouncing in place. Conduction also happens in liquids and gases – in these cases, heat or kinetic energy is 
transferred during collisions. Convective heat transfer is a much more efficient method of heat transfer for gases and 
liquids. During convection, millions of molecules of gas or liquid transport heat quickly by diffusion or currents. For 
example, in this image, you can see that at the bottom of the pot, heat is conducted by the hot surface to the water at that 
hot surface. That heat makes that water expands and become less dense. That water then rises to the top of the pot, 
displacing the colder denser water at the surface, which then sinks to the bottom and is heated by the conductive pot. 
Through this process, the heat is rapidly convected through the entire fluid in a continuous cycle. During radiation heat 

transfer, electromagnetic waves are released from a hot source and spread outwards through space in all directions. 
When those waves collide with other objects, they excite the molecules in that object and raise their temperature. Heat is 
radiated from all objects with a temperature, that is from all objects whose molecules have any internal kinetic energy at 
all. Thermal radiation is generated when heat from the movement of charged particles within atoms is converted to 
electromagnetic radiation. This image shows, and we know from personal experience, the radiative heat that’s transferred 
from a hot fire to the objects around it. In this image, we see the hot fire RADIATING heat outwards. The bottom metal of 
the pot picks up some of that radiation and heats up. That heat is then CONDUCTED through the pot to the water in 
contact with it. The water molecules within the pot mix with each other and transfer heat evenly within by 
CONVECTION. 
 
We see here the real-life examples of the different speeds of conduction versus convection. Hot water convects on our 
stove and rapidly transfers heat everywhere, evenly throughout the water. That heat is now evenly distributed around all 
the spaghetti noodles, and they can heat up through conduction across the boundary. The spaghetti can be cooked 
completely in 5 minutes. Conversely, placing a baked potato in the oven means cooking through conduction. The air in 
the oven may convect and be evenly distributed. But to heat up the inside of the potato requires conduction from the 
potato surface into the very center – molecule by molecule. Baking a potato can take up to 1 hour, because the transfer of 
heat is slow, as one atom slowly bumps into and transfers velocity to the atom next to it. We can speed it up by inserting a 
metal nail, because metals conducts more quickly, but it will still take well over a half hour. A faster way to bake a potato 
is to use a microwave, which sends out radiation waves that are absorbed by water molecules throughout the potato. 
Those water molecules get excited and conduct or share their energy with their nearby partners.  
 
All of these methods of heat transfer are seen in the world around us. For example, we’ve seen convection so far when 
talking about how the asthenosphere drives plate tectonics and how convection in the outer core creates Earth’s magnetic 
field. Both of these processes are the result of Earth transferring its deep heat up towards its surface in a slow attempt to 
reach equilibrium. In the weeks ahead we will talk more about how convecting currents of water and air transport heat 
across the globe. We’ll also discuss how the Sun’s radiation and the Earth’s thermal radiation combine to create a 
greenhouse effect and keep the Earth’s surface warm enough to support life. In the oceans, the heat that warms the 
surface comes from the sun’s radiation. As already discussed, that radiation penetrates only through the photic zone with 
less and less available as we descend below the surface. In some areas, the sunlight is gone after 10 feet or less. How does 
that heat distribute itself further: convection. Is conduction happening anywhere in the oceans? Conduction is how heat is 
transferred from hot rocks to the water, either hot rocks erupting on the seafloor or coastal rocks warmed by the sun. 
We’ll continue to discuss ocean temperatures and the variations we see across the globe in the weeks to come.  
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Relative Humidity 
 
Since relative humidity is an important term we use to describe the water content of air, let’s make sure we know what it 
means. ABSOLUTE HUMIDITY is the amount of water vapor present in a unit volume of air, usually expressed in 
kilograms per volume of air or in units of pressure. SATURATION ABSOLUTE HUMIDITY OR CAPACITY is the 
absolute humidity a given parcel of air could have if it were saturated or at capacity. That number depends entirely on the 
temperature. The warmer the air, the more kinetic energy and, hence, velocity, the molecules have, the more saturated it 
can be with water. The cooler the air, the slower the molecules, the less saturated it CAN be. Air over the Great Barrier 
Reef of Australia is quite warm. Its capacity is high!  
 
RELATIVE HUMIDITY (R.H.) is a measurement of how close an air mass’s water concentration is to its maximum. RH is 
a percentage – what percent of capacity has been reached. It is the most useful measurement when discussing weather 
systems, because it tells us how much more water could be evaporated or how close it is to raining.  
 
Imagine that the yellow box in this picture represents a particular air mass. The white box in the top right is an 
approximation of how much of this air volume can be taken up by water. (Note: in reality, the water would be present 
and disseminated throughout, not separated into this little box. Separation is only for the purposes of this explanation.) 
 
If there is no water present in this air mass, then what is the relative humidity of the air? 0% That’s dry air that will 
actively evaporate any water that’s around. So let’s evaporate until ½ of the capacity is filled. So Relative Humidity is 
50%. What happens to this air mass’ relative humidity when the air temperature cools?  
 
As the air temperature cools, its capacity for water decreases. The water that’s already within now takes up a larger 
percentage of the decreasing capacity. What happens to air’s relative humidity when air temperature warms? 
 
When air temperature warms, the capacity increases. The percentage of fullness therefore decreases. 
What happens when the capacity is completely full? 
 
When the capacity is reached and air is saturated with water, water will start to precipitate on available solid surfaces. 
The temperature at which a given air mass with a given absolute humidity would reach its capacity or becomes saturated 
is called the Dew Point. In this graph, you see temperature across the bottom X-axis – increasing to the right. On the Y-
axis, we see absolute humidity measured in water pressure or concentration. The different curves represent different 
relative humidities – increasing as you move upwards. This white arrow points at the 100% relative humidity line. The 
red lines show that at that temperature (12 degrees Celsius), 100% relative humidity is reached when vapor concentration 
reaches 11 grams of water per cubic meter of air. At that same concentration of water, but a higher temperature, such as 
20 degrees Celsius, the relative humidity would decrease. What about an air mass at a temperature around 4 degrees 
Celsius? It would reach a 90% relative humidity or fullness at a vapor concentration of 5 grams per cubic meter – a 
concentration that would put 12 degree Celsius at 50% relative humidity and 20 degree Celsius air at only 30% relative 
humidity. 
 
When we see clouds in the sky, we know that relative humidity of that air mass reached 100% and droplets of water 
started to precipitate (usually around microscopic bits of dust in the air). Such air is usually less dense, rising air that 
cools as it moves upward. The cooling causes relative humidity to increase until it hits 100%. The water that precipitates 
falls downward due to gravity, but with small water droplets and rising air, it can look to us on the ground as though the 
cloud is stationary. Note: When a cloud is moving along the ground, it is called fog. Anyone who’s spent much time in 
San Francisco during the summer has first-hand knowledge of fog and knows that it’s made of water droplets, as these 
cover the windshields of cars and glasses of bicyclists who travel through these fog banks. Notice that the image of the 
hurricane shows a spot in the middle with no clouds. This clear “eye” in the center is a region where air is sinking and 
warming up. Its relative humidity is decreasing, so there’s no precipitation – only evaporation. 
 
 


