
Unit 7: Applications of Infrared Images to Oceanography

Satellite data are a powerful means for monitoring and forecasting the biological and
physical processes in the world’s oceans. From a polar orbiting satellite’s vantage point the
oceans can be mapped every 24 hours. The spatial resolution and area1 extent of a satellite
pass are well matched to the physical and biological changes taking place on the ocean
surface. The only limitation is cloud cover.

Satellites provide a large scale view of oceans which cannot be obtained with sparse
measurements from surface vessels. Space and time scales of biological and physical
processes in the ocean are compatible with the viewing schedule and resolution of APT
imagery. Ocean currents and associated fronts and eddies extend over a range of 10’s to
100’s kilometers and move slowly, only a few kilometers each day. Plankton communities
tend to change over periods of one to ten days across an areas extending from 10’s to 100’s
of kilometers squared. Even with only nighttime infrared image used, the APT broadcast
provides a minimum of daily coverage at pixel resolution of approximately 4 kilometers.

Clouds are a drawback to using satellite data in some locations. Over the northern ocean’s
above 45 degrees latitude, cloud cover is common more than 70 percent of the time. In
subtropical areas, cloud cover is consistently less than 50 %. Cloud cover in many mid-
latitude areas is seasonal. Fishermen and other maritime industries need to be aware of
these trends. In general however, on any given day about 30 to 40 percent of the world’s
oceans will be covered by clouds. On average, based on capturing one nighttime infrared
image every twenty four hours, a cloud free image of a 100 km x 100 km area of ocean
should be available every second or third day - sufficiently often to track biological and
physical changes in the ocean as they take place.

7.1 Tracking Ocean Currents

Because both the atmosphere and ocean are large fluid bodies on a rotating earth, it should
not be surprising that their large scale flow features have many similar patterns. Ocean
currents move in a clockwise fashion in the Northern Hemisphere and in a counterclockwise
fashion in the Southern Hemisphere. Currents on the western side of oceans are channeled
and strong as they move away from the equator. Examples include the Gulf Stream along
the eastern coast of the United States and the Kuroshio Current off the eastern coast of
Japan. On the eastern sides of oceans currents are generally much broader and slower.
They tend to move toward the equator and cause upwelling along the western coasts of
continents where water is turned away from adjacent land masses.

With the advent of thermal satellite imagery, ships at sea can more accurately account for
the effects of currents on vessel movements. Selecting an optimum route for ships can save
many hours of sailing time and improve safety. In 1975 EXXON and NOAA jointly
conducted a Gulf Stream Navigation Experiment that showed how taking advantage of the
Gulf Stream flow can result in substantial fuel savings. The western wall of the Gulf Stream
is the location of maximum northward current, 2 to 4 knots. Because it has a substantial
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thermal gradient, the Gulf Stream is easily located in infrared satellite imagery. Sailboat
racers also take advantage of these data.

7.2  Ocean Fronts and Eddies

Like storm systems that develop distinctive
flow patterns in the atmosphere, oceans
develop circulation systems called warm core
eddies and cold core rings. Eddies are formed
along the boundary between warm and cold
water currents which flow in opposite
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directions. For example, the shearing effects of Warm Core Eddles near coast

Gulf Stream current can cause large cold core Cold Core Rings In Sargasso Sea

rings and ware eddies to be trapped as shown
in the figure. These rings and eddies average about 60 kilometers in diameter. Warm core
eddies, like atmospheric high pressure systems, flow in a clockwise direction. Cold core
rings are like lows, they flow in a counterclockwise direction. Currents in eddies and rings
run at about 1 to 2 knots.

Image 7.1 Warm core eddies and cold core rings developing at the Gulf Stream boundary.
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Gulf of Mexico Currents
The main current feature in the Gulf of
Mexico is called the Loop Current. It can be
seen as it enters through the Yucatan Channel
and meanders to its eastern extent back along
the Tampa Bay. Narrowing of the Loop
Current neck indicates the potential for eddy
detachment in the next few weeks. As the
eddies spin, the nutrients accumulate along the
outside edges. The best sports fishing in the
Gulf is located along the edges of the Loop
Current and warm core eddies.

Detecting the Loop Current with infrared
imagery is most challenging during the summer
months when the Gulf of Mexico becomes
nearly isothermal. Water temperature varies in
the narrow range from about 29° C to 31° C

and the pixel to pixel temperature change that can be detected with APT data is about 0.5°
C. Relative humidity is also high causing the image contrast to blur. The best opportunity
to meet these challenges is to capture the infrared band 3 image from 3 a.m. pass of NOAA
11. Band 3 is less influenced by humidity than band 4, and at this early morning hour the
effects of solar heating are minimized.

7.3 Locating Fish

Remote sensing of the ocean has played an important role in fishery research since the early
1960’s. However, successful operational use of satellite data has been realized only recently.
With the emergence of low cost data reception and data processing techniques fishermen
can decrease their search time, lower fuel costs, locate the best regions for fishing, and
improve their catch.

Fish seek water conditions that satisfies their metabolic, physiological, and respiratory
requirements for life. By knowing their comfort zone, it becomes possible to predict where
fish will be. Temperature is a key factor. Bottom features are also important.

Experiments have demonstrated that many commercially valuable species of fish such as
salmon, anchovies, and tuna, have a strong preference for particular ocean temperatures.
The Table below illustrates the temperature where selected gamefish are likely to be
located. Yellow fin and big eye tuna live in water between 64° and 80° Fahrenheit, but

 they prefer 73° F. Bluefin tuna like water that is a degree or two cooler. The comfort zone
for blue marlin is within 70° to 88° F; whereas white marlin thrive in water that is about
5” cooler.
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Temperature Ranges for Some Gamefish  (Degrees F)

Species M i n Optimum Maximum
Amberjack 59 65 74
Blackfin  tuna 70 74 8 2
Blue Marlin 70 78 88
Gulf kingfish 58 70 88
Yellowfin tuna 64 73 80
Bluefin tuna 62 71 78

Image 7.2 showing Gulf Stream in the western Atlantic Ocean was captured from an early
morning NOAA 11 pass. The temperature of the Gulf Stream is 81° F. Three warm core
eddies are apparent in the image. The circulation in the eddies is clockwise. All three
eddies lie along the hundred fathom line with the continental shelf along their northern
edges. The eddies are moving several miles each day in a southwesterly direction along the
100 fathom curve. Fishermen look for temperatures of about 72° to 77° F, about the
temperature of the eddies. They also watch for locations where nutrient rich bottom waters
may be lifted up onto the continental shelf.

Image 7.2 Three Warm Core Eddies Along the Continental Shelf.
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Water temperature can also be used to find the
areas where fish are eating or spawning.
Areas of vertical upwelling, of deep cold
nutrient-rich water can easily detected with
infrared imagery. These nutrients, when
combined with available sunlight near the
ocean’s surface, cause an increase in plankton
growth and thus mark areas for fish feeding
and spawning. Upwelling areas tend to be
highly productive and are often the site of
important fisheries, such as the anchovy fishery
off the coast of California. Upwelling is largely

caused by wind stress and occurs off the west coast of continents. Winds favorable to
upwelling vary on a time scale of 3 to 5 days. Upwelling can also be caused by the bottom
topography as illustrated in the picture to the left.

Upwelling and its effects on food production have been related to the survival of juvenile
salmon after they leave the Columbia River and enter the Pacific. The young salmon tend
to stay within 28 kilometers from shore in the narrow belt of the river’s plume. However,
they count on nutrients from upwelling coastal waters for food production.

7.4 Summary and Discussion

Thermal infrared imagery is used to locate fish populations, trace ocean current boundaries,
optimize ship routes, and support other maritime activities. Sea-surface temperature data
from satellite infrared imagery are used to prepare eddy forecasts for offshore oil
exploration and production. Temporal changes in eddy size and position and current frontal
locations are used to produce routine summaries of eddy positions and the direction of
surface currents. Temperature maps can also be used to estimate the global uptake of
carbon dioxide, the primary greenhouse gas, by ocean biomass. The productivity of our
oceans and coastal environment is a major environmental concern for the 1990’s.  Marine
plankton biomass accounts for at least 30 percent of the total global annual plant storage
of carbon dioxide.

You class may want to select one of the following research topics for further study and
discussion. How does the temperature of ocean waters effect cloud formation?
Hypothesize and test how currents at the surface of the ocean compare with bottom
contours? What are the advantages of knowing the location of the Gulf Stream?

Global Change research is now focusing on anomalous warm ocean conditions in the Pacific
called El Nino events. These events appear to reduce upwelling along the western coast of
the United States. Based on this observation, you might hypothesize how an El Nino event
would effect plankton productivity. What would be the possible feedbacks to carbon dioxide
storage in the ocean? You can test your hypothesis by collecting, logging, and mapping the
change in ocean temperature over the school year.
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Unit 8: Applications of Visible Images to Agriculture

This unit examines the role of APT satellite weather data in agricultural applications. The
skills learned in earlier units will be applied to interpreting selected APT images captured
during the fall and winter growing season of a winter wheat producing area in the Pacific
Northwest. The region is diverse in terrain, soil characteristics, and vegetation providing an
interesting opportunity to test your image interpretation skills. The objective is to
familiarize you with agricultural issues while providing an opportunity to characterize
satellite imagery in the visible and infrared spectrum. This unit will assist you in becoming
familiar with mapping and charting. You will distinguish snow cover from clouds and
appreciate the importance of orographic lifting to producing precipitation along mountain
slopes. This unit illustrates to educators and students the importance of timely weather and
remote sensing data to the farming community.

8.1 Timing of Tillage and Field Operations

The use of APT signal reception and imaging from polar orbiting satellites when used in
conjunction with WEFAX signal from geostationary satellites allows tracking storm fronts
and other significant weather systems. An estimate of the relative intensity of weather
systems can be made by monitoring the temperature of the cloud tops. This type of
information is useful for scheduling the timing of tillage and other field operations.

Initial spring tillage operations for dryland small grain production in the inland Northwest
are ideally begun when soils have drained and firmed enough to minimize compaction from
tillage equipment. Soil temperatures should be warm enough to promote germination of
planted seeds and the development of a healthy seedling. If initial tillage of over-wintered
plowed ground is followed by heavy rains, soils high in clay content will retain that moisture
and dry more slowly than if tillage had not occurred. This is due to a relative loss of
porosity of the soil mass because larger air pockets created by plowing the previous fall are
eliminated by the initial spring tillage. The rough, domed ridges left by plowing are also
reduced, producing a finer more uniform soil surface. The total surface area exposed to the
air is also reduced, thus reducing the capacity for evaporative drying. The timely delay of
the initial tillage until after passage of an impending heavy or prolonged rain can ultimately
lead to an overall quicker sequence of tillage operations in preparing the seed bed for
planting.

8.2 Herbicide Selection and Timing of Application

Decisions based on recent past and near term future weather conditions contribute to the
most economical and environmentally safe use of herbicides used to suppress or eliminate
noxious weeds in agricultural fields. Both the crop under cultivation and the herbicide
chosen for use on that crop can be sensitive to and respond to changes in weather conditions
following the period of application. Extremes of cloudiness (as it affects incoming solar
radiation and the resulting level of photosynthetic activity within a plant), temperature,

8-l



8.1 Infrared image of a storm effecting herbicide application.

rainfall, individually and collectively, influence the activity of the herbicide and the response
of weeds and the desired crop to that activity. By tracking weather systems which may pose
problems or offer specific benefits to the use of certain selective herbicides, it is possible to
alter the timing of application or lessen the concentration of product used. For example,
NOAA infrared Image 8.1 depicts a storm affecting the interior West and Northwest on May
19, 1991. The center of low pressure is over Nevada and backwash from the counter-
clockwise circulation is moving from Montana through Idaho into the Palouse region of
eastern Washington. On May 17 a pre-emergent herbicide application for broadleaf weed
control was needed in a seeded field near the Washington-Idaho border. Crop emergence
was one to two days away. The storm had been tracked for several days prior to the
application date. Based on the intensity of the system as estimated by measuring cloud top
temperatures and the general direction of movement, significant rainfall appeared imminent.
Because the particular herbicide being applied relies on rainfall to carry it into the root
zone of germinating weed seeds and excessive rainfall can carry the product deeper in to
the zone of germinating crop seed with the potential for crop damage, a 20 percent
reduction in the concentration of product used was made at the time of application. The
image shows the storm in the middle of delivering a two day rainfall total of .82 inches as
recorded near the application site. This is about 60 percent more rain than necessary to
properly place the herbicide within the zone of germinating weeds. To date weed control
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has been excellent and there is no evidence of crop damage. Results of the application will
continue to be monitored and used in future decision making.

Apart from rate reductions as in the previous example, if a choice of herbicides is available,
it may be possible to select a different herbicide which will more closely fit the expected
weather condition. In some instances, given impending severe weather conditions, it may
be necessary to forgo the application altogether for the sake of crop safety.

8.3 Timing of Additional Field Operations

In the later phases of the production cycle certain crops, such as alfalfa, hay, grass hay and
pulses (lentils, dry peas etc.) are mowed or swathed into rows and a period of warm, dry
weather is needed for the crop to cure and achieve proper moisture content. This precedes
baling in the case of hay or harvesting in the case of pulses. A prolonged period of
sustained rains after swathing interrupts the drying process and can cause substantial
economic losses from a degradation of crop quality or from spoilage due to the growth of
microorganisms such as fungi. Delaying the swathing process to avoid damage from
approaching excessive rainfall or high winds is clearly advantageous.

8.4 Winter Wheat Season in the Palouse

The Palouse,  in Whitman County of eastern Washington is famous for dryland farming,
particularly the production of lentils and winter wheat. Farmers of the Palouse routinely
average 60 to 80 bushels of wheat per acre. In years with favorable weather conditions
throughout the growing season, areas of the Palouse  will average 90 to 100 bushels per acre.

The Palouse,  which spans the Washington-Idaho border and lies about 200 miles from
Washington’s Mount St. Helens, is unusual not only for its agricultural productivity, but
because its rolling terrain is rugged for farming. Hilltops in the Palouse,  unlike the
windswept hills of the midwestem prairies, are still relatively productive. Soil erosion from
excessive rains is a problem, but farmers and equipment engineers continue to develop new
farming practices and design new machinery to protect that vital resource.

The winter wheat crop is usually planted in September and early October for harvest the
following summer. Fall rains are responsible for germinating planted seeds on annually
cropped ground. Many farmers regard management of this moisture as a necessary first
step in establishing a healthy stand of wheat. Following emergence, the wheat’s root system
continues to develop and the plant should reach the three to four leaf stage before cold
temperatures of late fall and early winter harden the plant and lead it to a state of
dormancy.

As we track the weather from planting of winter wheat in September until early spring, we
will track the health of the crop as reported in the Weekly Weather and Crop Bulletin for the
same time period. This publication is produced jointly by the U.S. Department of
Commerce and the Department of Agriculture. Each issue begins with a short, general
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description of major weather patterns for the nation, then follows with a one paragraph
summary of agricultural activities for each state. The agricultural community subscribes to
this publication because it gives them a look at general weather conditions in agricultural
regions world wide which produce the same crops and thus compete in world markets. For
example, Australia raises the same type of wheat (soft white) as farmers in the Pacific
Northwest and is therefore a competitor for sales in the Middle East and Southeast Asian
markets. Although publications like the Weekly Weather and Crop Bulletin are valuable
publications, they are not timely. They are usually received several weeks and sometimes
up to a month after the fact. Farmers cannot rely on information which is basically
historical for time sensitive decisions. This is an area where satellite delivery of images and
information really helps out.

The following series of Soviet Meteor images illustrates how snow cover can be monitored
in a general way in mountains or in areas of agricultural production. Farmers depend on
adequate snow cover to insulate fall seeded wheat and barley plants which have emerged
and are vulnerable to damage or winter kill by cold arctic air. The developing crop is
especially at risk when strong winds also accompany low temperatures. In addition to
causing sever dehydration, fine soil particles and ice crystals can be blown so swiftly along
the ground that exposed leaves can be shredded or cut off at the crown of the plant.
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September:
Early September through mid-October mark the planting season for winter wheat in eastern
Washington. In early September the weather is suitable for fieldwork as illustrated in this
September 13, 1990 Meteor pass which covers an area from south central California to
British Columbia. A high pressure system persists over the west and clouds cover the north
coastal area of the Olympic Peninsula of Washington State. Mounts Olympus, Baker,
Rainier, Adams, Hood, Shasta, Lassen and ash laden areas around Mt. St. Helens are visible
as white dots on the image attributable to clouds covering their peaks. If you examine this
image closely, you should be able to find numerous lakes including Lake Banks, Lake
Roosevelt, and the Potholes Reservoir in Washington. It is also possible to discern Pend
Orielle and Coeur d ‘Alene nestled in forested areas of Oregon. Further examination of
the image reveals Utah’s Great Salt Lake and California’s Tahoe, Mono, and Goose lakes
and the Snake and Columbia Rivers. Old growth timber of the Olympic National Forest
is distinct as well as the channeled scablands of central Washington.

The lighter areas of the image, between the Columbia River and the Blue Mountains of
southeastern Washington, are harvested croplands. Harvested areas are also apparent north
and east of the Snake River eastward to the foothills of the Clearwater Mountains. This is
the Palouse region. Agricultural regions of the Willamette Valley in Oregon also appear
lighter as do British Columbia’s Okanogan and Frazier Valleys.



October:
By October the winter wheat has emerged in the Palouse. The Weekly Weather and Crop
Bulletin for October 23rd indicates that the crop is in good to fair condition across the area.
Based on favorable weather conditions, the crop is off to a fine start. This image, captured
on October 14th shows overcast conditions. Precipitation measured about .68 inches in near
Tekoa in the Palouse. The first snowfall can usually be expected around the end of
October.

-

-

-

Image 8.3 Rain after planting starts the crop off right.
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November:
The first snowfall of the season occurred on November 6, 1990. The higher elevations of
the Rockies and Cascade range are showing snow accumulation from a previous storm.
Some snow cover exists in Montana around Lake Fort Peck and in Saskatchewan in the area
north of Lake Diefenbaker around Saskatoon. The cloud mass in the center of the image
covers the eastern most portions of the Palouse and the panhandle of northern Idaho. This
image illustrates why the Palouse is the prime dryland farming region of Washington State
and northern Idaho. Air in the region is generally dry because it has lost its moisture in
crossing the Cascades to the east. However, some moisture occasionally remains. As
moisture laden air approaches the foothills of the Clearwater Mountains and rises, it cools
and precipitation occurs more readily. Normally this produces annual rainfalls which are
ideal for the production of small grains (wheat and barley), legumes, and turfgrass seed.

On November 6th 0.07 inches of mixed snow and rain was recorded with a snow
accumulation of .5 inches under partly cloudy skies. The high temperature was 44° F and
the low temperature was 32° F. The next storm system approaching from the Pacific
already obscures the Olympic Peninsula. The Weekly Weather and Crop Bulletin lists winter
wheat in eastern Washington as 15 percent fair, 65 percent good.

Image 8.4 November’s first snowfall is disappointing at lower elevations.
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The November image reveals how scant snow cover was in the Palouse region of eastern
Washington at that time. Good protective ground cover is not observed until we examine
the areas around Dayton and Walla Walla in southeastern Washington. Basically this held
true until December when depicts arctic air moved into the area from a high pressure
system over Canada to a low pressure center in southern Oregon.

December:
On December 19, 1990 a high pressure system was over western Canada and a low pressure
system centered over coastal southern Oregon. These are conditions which farmers in the
Palouse dread because they cause a frigid air mass to move quickly into the area from the
northeast. Winds associated with this air mass are usually strong. Temperature extremes
dropped from high a high of 42° F and a low of 30° F on December 17th to a high of 8° 30 F on December 17th to a high of 8”
F and a low of -2° F on the 19th. Only a trace of snow is recorded leaving most areas of
winter wheat exposed to punishing conditions. The depth of frozen soil fell from 4 cm on
December 17 th to 40.8 cm on December 25th.
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Just west of the Blue Mountains around Dayton and Walla Walla  a heavier amount of snow
accumulated providing an insulation layer over the wheat. Overall, though, this storm
proved to be very damaging to the developing crop. The Weekly Weather and Crop Bulletin
of December 16-22 rated Washington winter wheat crop 72 percent good and 8 percent poor
to very poor. In January the bulletin reported " Winter wheat has been damaged by strong
winds, extreme cold temperature in central, eastern areas.” By the end of January the
winter wheat crop was rated as 32 percent fair, 60 percent poor, and 8 percent very poor.
By February, 58 percent of the winter wheat crop was rated as in very poor condition.

By tracking snow cover in agricultural regions as was done in these APT images, farmers
and seed supply companies can monitor how widespread an area is susceptible to damage
from arctic air masses if snow cover is not present. This information can serve as an early
warning to growers and gives them an opportunity to insure adequate supplies of spring
wheat varieties are reserved in case widespread reseeding of winter killed areas is required.

The same arctic front that damaged the winter wheat crop of northeastern Washington, was
also responsible for widespread damage to fruit trees in California’s San Joaquin and
Imperial Valleys during the winter of 1990.
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Glossary of Terms and Acronyms

Adiabatic - A thermodynamic process that takes place without external exchange of heat.

Advection - Process of heating or cooling an air mass by transporting it horizontally over an
object of different temperature.

Amplitude - Size of the vertical displacement produced by a wave.

APT - Automatic Picture Transmission. Term for the low
broadcast.

AVHRR - Advanced Very High Resolution Radiometer. The
NOAA’s TIROS-N satellite series.

data rate satellite weather

name of the instrument on

Black Body - A perfect absorber and emitter of radiation. An object that emits an amount
of radiation equal to the amount it absorbs.

Brightness - Radiated energy flux entering the satellite sensor’s field of view from an object
beneath. The direction of radiation differentiates brightness from radiance. Incoming
radiation is brightness.

Convection - Process of heat transfer through vertical motion caused by unequal heating of
the atmosphere.

Dendritic Pattern - A tree or branch-like pattern of snow as imaged from a satellite.

Dew Point Temperature - The temperature to which air must be cooled to reach saturation.

Electromagnetic Radiation - Energy transmitted through space in the form of electric and
magnetic wave fields.

Electromagnetic Spectrum -
function of wavelength.

The ordered arrangement of electromagnetic radiation as a

Emissivity - The ratio of the observed brightness of an object to the ideal brightness if it
were a black body.

Frequency - The number of waves passing a given point per unit time.

Front - The boundary zone between two air masses with different properties.

Gust Front - Arc shaped line of convective clouds ahead of a mature thunderstorm caused
by downdrafts out the bottom of the storm.

-

-

-
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Histogram - A statistical representation of a digital image showing the number of grey
shades and the frequency of occurrence of each shade.

Hurricane - A warm core tropical storm with winds in excess of 64 knots.

ITCZ - Intertropical
equator.

Convergence Zone. A permanent belt of low pressure around the

Jet Stream - A belt of strong westerly winds aloft. The height of the jet stream is typically
between 10 to 12 kilometers (6.2 to 7.5 miles).

Latent Heat - The heat released or absorbed by a substance when it changes state.

Latitude - Distance on the Earth’s surface measured in degrees north and south of the
equator.

Longitude - Distance on the Earth’s surface measured in degrees east and west from the
prime meridian.

Meridional Flow - A condition when the amplitude
conducive to mixing of cold and warm air masses.

of upper level flow is large and

Nadir View - A view directly down from the satellite to the earth at its closest point. This
point will be along a line from the satellite to the center of Earth.

NOAA - National Oceanic and Atmospheric Administration. A division of the Department
of Commerce that operates the National Weather Service and the National Environmental
Satellite Data and Information Service.

Optical Thickness
atmosphere.

Orographic Lifting

The collective effects of scattering and absorption of light in the

Lifting of an air mass as it is transported over mountains.

Pixel - picture element. The smallest resolvable unit of an image. The fundamental building
block of a digital image.

Radiance - Energy flux leaving a unit area into a cone shaped solid angle defined by the
satellite sensor field of view. The direction of radiation differentiates radiance from
brightness. Radiance is outgoing energy from an object.

Radiometer - An instrument that measures radiation brightness within a fixed band of
wavelengths.
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Reflectance - The ratio of the energy flux reflected from an object to the energy incident on
it. If the reflectance = 1, then one energy is transmitted or absorbed by the object,

Remote Sensing - A method of measuring properties of objects without making physical
contact.

Ridge - A region of upward displacement of a wave. In meteorology, the location of
maximum clockwise curvature on an atmospheric wave.

Saturation - When evaporation equals condensation.

Spectral Signature - The reflectance, absorbance and transmittance of an object.

Stretching - Enhancing the contrast of an image over a selected range of pixel values.

Trade winds -A consistent easterly wind in the tropics. North of the equator the trades are
from the northeast. South of the equator they are from the southeast. Trade winds are a
major component of the atmosphere’s general circulation.

Transmittance - The probability that light reflected or emitted from the earth’s surface will
arrive at the satellite. The probability that light will be transmitted through the atmosphere.

Thermodynamics - The study of the solid, liquid, and gaseous states of a system.

Transverse Bands - Cloud bands perpendicular to the air flow that are associated with
turbulent wind shear along the jet stream.

Tropical Depression - Closed rotary flow around a low pressure area over the tropical
ocean. Winds less than 34 knots.

Tropical Disturbance - Weak rotary air circulation 160 to 300 kilometers across associated
with a low pressure area over the tropical ocean.

Tropical Storm - A closed rotary flow around a low pressure system over warm tropical
ocean. Winds of 34 to 63 knots.

Troposphere - The lowest portion of the atmosphere characterized by decreasing
temperature with altitude - usually about 15 kilometers (9.5 miles) deep. The layer in which
all weather takes place.

Trough - A region-of downward displacement of a wave. In meteorology, the location on
an upper level wave where the wind shifts from the northwest to the southwest.

Wave - A massless  pattern that moves with regular oscillations.
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- Wavelength - The interval at which a wave pattern repeats itself. Can be measured from
peak to peak or trough to trough.

Westerlies - A consistent wind from the west occurring in the mid-latitudes. A major
component of the general circulation of the atmosphere.

Zonal Flow - A condition when the amplitude of the upper level flow is small.
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