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MERRA Circulation Lab  

UWHS Climate Science  

Unit 2: Global Energy Budget and 
Transport 

The Hadley Circulation 
   

Overview 
The MERRA Circulation Lab is intended to help illustrate some of the concepts 
involved with radiation and transport. It is crucial to understand that imbalances in 
heating lead to atmospheric circulations that redistribute heat and moisture 
(energy). This lab challenges students to interpret and map the Hadley Circulation 
using real output from the NASA MERRA reanalysis model. Some understanding of 
vectors, solar radiation distribution and its seasonal cycle, convection, and 
energy/mass conservation are required.  This laboratory could be used to illustrate 
more advanced topics such as the effects of the Coriolis force, trade winds, the 
distribution of deserts in the downwelling (sinking air) branches of the Hadley cell, 
the reason for the sub-tropical highs, or to explain the intertropical convergence 
zone (ITCZ).  

Focus Questions 
1. What is the Hadley Circulation? 

2. What causes the Hadley Circulation? 

3. Why does the Hadley Circulation move around throughout the year? 

Learning Goals 
1. To understand what a reanalysis model is and why scientists use it. 

2. To use reanalysis model data to trace a realistic Hadley cell (demonstrate that 
this is not just a conceptual figure, but shows up in the real Earth climatology). 

3. To draw parallels to convection, understanding that the sun heats the surface 
causing upwelling (rising air), which induces a thermally direct cell. 

4. To observe that the ITCZ or upwelling branch of the Hadley cell generally 
follows the region of most intense solar radiation. 

5. To note that the entire cell is important to conserve mass – if any branch were 
missing mass would not be conserved. 

6. Advanced: To make it clear that the Hadley Cell is redistributing the intense 
radiative energy at the equator to higher latitudes.  

Teacher Background  
The Hadley cell is an incredibly important aspect of our climate system, describing 
the transport of heat away from the equator through the atmosphere. Along the 
equator more solar energy enters the atmosphere than leaves through infrared 
emissions. To maintain energy balance, some of this heat is transported up out of 
the tropics through the Hadley Circulation. This circulation represents a thermally 
direct cell in which warm air rises at the equator, moves poleward, and descends in 
the sub-tropics. Surface winds then complete the circulation with winds blowing 

Grade Level 
10-12 

 
Time Required 
40 – 80 minutes 
• Introduction to lab, review of vector 

notation, and key concepts (10 
minutes) 

• Students follow instructions to 
complete the lab with the instructor 
assisting, explaining concepts, and 
urging students to explore other 
scientific questions if there is time 
(20 – 40 minutes) 

• Students complete lab questions and 
vector graph (20 minutes) 

• Instructor informally discusses the 
results and concepts of the lab with 
the class (10 minutes) 

 

Materials Needed 
To complete laboratory 
• Computer lab with access to 

(http://www.atmos.uw.edu/~outre
ach/PCC/) 

• Copies of the student handout 
 

Standards  
WA State:  9-11 ES 2A and 

9-11 ES 2B 
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from the sub-tropical high-pressure systems to the tropical lows. As a result of the Coriolis force, the equatorward surface winds 
are “turned” to the west, which creates the trade winds on which ships rely. In the sub-tropics, the air is relatively dry (having 
rained out as the air rose in the tropics) and there is large-scale subsidence, creating regions of high pressure near the surface. As 
a result, there is little rainfall in the sub-tropics and it is here where most of the world’s deserts are located. Furthermore, the 
intertropical convergence zone (ITCZ) where surface air converges and rises leads to condensation (the air cools as it rises) and 
intense rainfall in convective storms.  

This activity utilizes data from a reanalysis model. A reanalysis model takes millions of observations of the Earth from weather 
stations around the world and simulates the weather in areas where we don’t have weather stations. This gives scientists a complete 
picture of the Earth at a given time and these models can be quite accurate for some measurements. The model is similar to a 
weather model in that it uses fundamental physics equations to simulate weather around the world. This model is constantly 
constrained by historical weather observations. Using historic observations and the reanalysis model gives a best estimate of 
weather conditions around the world throughout time, even if measurements were not taken at a specific location.  

Prior Knowledge 
Your students should be familiar with the basic concepts of vectors, solar radiation distribution and its seasonal cycle, convection, 
and energy/mass conservation. More specifically, they should be able to understand that the sun is most intense in the tropics and 
that the peak intensity moves north in the northern hemisphere summer and south in the northern hemisphere winter (this is 
important in understanding why the ITCZ moves north and south). Students should also be aware of the concept of convection or 
that warm fluids rise and cool fluids sink. Energy and mass conservation is important for understanding why the Hadley 
circulation is closed (in other words it is a circular pattern – air doesn’t solely flow away from the equator) and that the radiative 
energy imbalance is balanced by the transport of warm tropical air away from the equator. Students will need to have a working 
understanding of how to draw vectors representing the wind speed and direction, although the instructor may demonstrate this 
with examples.  

Teacher Note: Illustrating Concepts 
This box shows a simple way of creating a thermally direct cell if you’d like to have a 
hands-on activity to help students make connections between key concepts. A clear 
tank approximately one 12” long, 8” tall, and 6” wide should work (although the 
exact dimensions should not matter). If you fill the tank ¾ full with warm water and 
hold a glass of ice water in the tank for a few minutes (make sure to hold the glass at 
the top along one side) you will create a thermally direct cell. By placing food 
coloring or dye in the tank the color will trace out the streamlines of the circulation. 
For best results, hold the glass in the tank for a few minutes before injecting the dye. 
Other variants of this activity include a heating source (like a lava lamp).  

 

Anticipated Challenges 
It may be difficult for students to draw connections between convection and the analogies that we usually make to demonstrate 
convection (i.e. a lava lamp) and a large global circulation. A simple thermally direct cell can be made with warm water and ice 
(see panel). A more complicated lab is also available (Terrarium lesson) that can be used to illustrate this concept.  

It may also be challenging for students to orient themselves in the graphing activities. Understanding zonal maps compared to 
world maps can be difficult and even the color scales and vectors can be confusing unless it is clearly explained. Furthermore, 
units can be deceiving - a negative northward zonal velocity is science-jargon for “southward moving.” It may be important to 
illustrate some of these vector concepts using examples.  

Evaluation 
Evaluation for this laboratory can take several forms. Students could be asked to explain (in groups) specific features of the 
Hadley Circulation (e.g. why does the air rise at the equator?) to the class. This is an activity that may lend itself to conversation 
and informal evaluation using a project or smart board. Students could also be evaluated based on their responses to the 
worksheet. It is also important to include questions related to the key concepts and learning goals in formal longer-term 
evaluations such as quizzes and tests.  
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Conducting the Lesson 
APPROACH 1: This laboratory has been written with explicit student instructions so that students can work individually or in 
groups to map the Hadley circulation. One approach would be to review some of the concepts and ideas relating to the Hadley Cell 
in one class and have the class meet in the computer lab the next class with the understanding that they will complete the lab in 
that time period. The instructor can then use a few minutes of the next class to review the key concepts of the lab. A pdf 
presentation is available to help explain the key ideas of the Hadley Circulation. An accurate computer rendered Hadley 
Circulation is presented below.  

 

Mean annual global zonal circulation rendered from NASA MERRA climatology (1979 – 2009).  

APPROACH 2: This lab predominately explores the circulation of the Hadley Cell. There are a number of interesting topics to 
discuss including the trade winds, the climatology induced by this large-scale circulation, surface pressure patterns, the Coriolis 
force, global precipitation patterns, and regional climates. Some of the material in this activity can be used to help explain these 
phenomena or to complement other concepts from Unit 2.  

• Good background  
- http://en.wikipedia.org/wiki/Hadley_cell 
- http://www.cotf.edu/ete/modules/elnino/cratmosphere.html 
- http://www.atmosphere.mpg.de/enid/3sj.html  
- http://www.youtube.com/watch?v=DHrapzHPCSA (explanation) 
- http://www.youtube.com/watch?v=4ppmMiMzBsY (visualization of tropical convection) 

• Similarly themed activity 
- http://serc.carleton.edu/eslabs/climate/lab6.html 

 

  

http://en.wikipedia.org/wiki/Hadley_cell
http://www.cotf.edu/ete/modules/elnino/cratmosphere.html
http://www.atmosphere.mpg.de/enid/3sj.html
http://www.youtube.com/watch?v=DHrapzHPCSA
http://www.youtube.com/watch?v=4ppmMiMzBsY
http://serc.carleton.edu/eslabs/climate/lab6.html


   

MERRA Circulation Lab  4 
 

NASA MERRA Circulation Laboratory 
Introduction 

In class, we have learned about topics such as conservation of mass and energy, air moving from areas of high pressure to low 
pressure, the Coriolis force, the environmental lapse rate, evaporation, and condensation. All of these ideas work together to give 
us the Hadley Circulation and these basic ideas together describe a surprising amount of the world’s climate.  

We’ve learned about the Hadley Circulation, but can we see this circulation with models that simulate the Earth? How do scientists 
know it exists? How does the real Hadley Circulation vary on Earth? 

Today we’re going to explore the Hadley Circulation with data from a reanalysis model. A reanalysis model takes millions of 
observations of the Earth from weather stations around the world and simulates the weather in areas where we don’t have weather 
stations. This gives scientists a complete picture of the Earth at a given time and these models can be quite accurate for some 
measurements.  

 

Figure 1 – A map of the weather stations around the world. Although there are thousands of stations around the world it is helpful 
to fill in the gaps (such as the areas over the ocean) with data simulated from a model.  

The data has been averaged into “monthly means” so that each month represents the long-term average or the climatology for that 
month. We will use this data to try to understand the real world Hadley Cell.   

Getting Started 

Let’s start by acquainting ourselves with the data.  

Go to: http://atmos.uw.edu/~outreach/PCC/ 

There are three categories (you have to update every category every time you want to change the data).  The month represents the 
monthly mean over a 30-year average (so “January” is the average of all the Januaries from 1979 - 2009). The map type is either 
“world” or “zonal.” A world map displays the entire world, while a zonal map breaks up each line of latitude into a slice and 
displays the average of all the slices. A zonal map is useful if you want to know something like the average temperature at 30oN 
latitude – scientists use zonal maps because many atmospheric variables are related to their latitude. For example, it is usually 
colder at high latitudes compared to the equator, but it is hard to generalize the temperature based on the longitude.  
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Click on “January,” “World,” and “2 km (800 hPa).” This will display a map of the January climatology 2 km above the 
surface. The colors show how fast the air is moving up or down (the vertical velocity). The arrows show the direction and the speed 
of the horizontal winds. Notice the red and yellow colors along the equator – the dark red areas mean that the wind is going up at 2 
cm/s. Now look at the arrows west of South America – the swirling pattern means that the winds are going counter-clockwise 
around the South Pacific Ocean.  

Now let’s try to figure out what this looks like as a zonal map. Click “January,” “Zonal,” and “2 km (800 hPa).” The chart on 
the right shows the “vertical velocity.” The y-axis is the latitude and the x-axis represents the average vertical velocity across a 
latitude band. Notice that around +5 degrees latitude the vertical wind speed peaks at ~3 cm/s. This is the same area where we 
saw the red and yellow colors along the equator. So, in January at 5oN 2km above the Earth, the air is typically moving up into the 
air at ~3 m/s. Also notice that the air is moving down (negative velocity at 20oN). You can compare both of these maps together 
by clicking “January,” “Map + Zonal,” and “2 km (800 hPa).”  

Let’s look at one more example. Click “January,” “Zonal,” and “100 m (1000 hPa).” The graph on the left tells us how fast the 
wind is moving north for each latitude band. So at 50oN the wind is moving at about 0.5 m/s north. At 10o N, the wind is moving 
at -3 m/s north. But -3 m/s to the north is just +3 m/s to the south! So negative numbers mean that the wind is moving south and 
positive numbers mean that the wind is moving north. Let’s look at the world map to try to visualize this. From this zonal graph, 
we can see that for areas just north of the equator the wind is toward the south and for areas just south of the equator the wind is 
toward the north. Now click “January,” “World,” and “100 m (1000 hPa).” We can see that the winds south of the equator flow 
toward the northwest and winds north of the equator flow to the southwest. We can’t see the “west” part of the flow, because the 
zonal graph just depicts the north-south part of the wind speed.  

Visualizing the Hadley Circulation 

Now that you have practiced reading zonal maps, you are going to put together a cross-section of the Hadley Cell. Using the graph 
paper on the next page you are going to plot arrows to indicate the direction of the wind at a given point.  

For this example we will use zonal maps for January to complete the cross section.  

Vertical Winds 

On the graph paper provided, draw arrows indicating if the wind is moving up or down (the right graph for the zonal maps) at the 
following locations:  

• 20oN and 9.2 km 
• 5oS and 9.2 km 
• 35oS and 9.2 km 

 
Horizontal Winds 

On the graph paper provided, draw arrows indicating if the wind is moving north or south (the left graph for the zonal maps) at the 
following locations:  

• 10oN and 100 m 
• 25oS and 100 m 
• 10oN and 16.3 km 
• 30oS and 16.3 km 

 
Analysis 

Based on the graph that you have made answer the following questions.  

1) What would cause the air to move up at 5oS in January? 
2) Why are the surface winds moving toward the area where air is moving up? 
3) What causes the air to move in the opposite directions at 16.3 km compared to the surface winds? 
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4) Now compare the world map for January at 2 km to the world map for June at 2km. What is the major difference? Why 
does this happen? 

5) How do you think the Hadley cell redistributes energy? 
 
Challenge questions: 

1) Do you think there are regions of high or low pressure at the surface along the equator (where the air is ascending)? Why? 
2) Do you think there are regions of high or low pressure at the surface in the sub-tropics (where air is descending)? Why? 
3) What type of weather occurs in regions of ascending and descending air? 
4) Why do you think scientists often use computer models instead of observations from weather stations or weather balloons? 
5) If you were sailing across the Atlantic Ocean do you think it would be easier to go from Central America to Africa (west to 

east) or east to west? Why? 
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