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Chapter 3  Temperature


The health of any living creature is a function of its relationship with its environment. Body temperature is one indication of a healthy organism. Warm-blooded animals regulate their body temperatures internally by producing heat metabolically or by losing heat through radiation, conduction, and evaporation. The normal temperature of the human body is 37(C (98.6(F). We are able to maintain this body temperature under a wide range of environmental conditions due to biological and cultural adaptations. When our ability to maintain this temperature is under stress, we feel uncomfortable and may get sick, and in extreme conditions die. The interaction between the environment and our bodies is very complex, but our body temperature will change based on changes in our energy gains and losses. Weather conditions play an important role in determining our energy gains or losses, our ability to maintain our body temperature, and thus our health.


For example, during very hot and humid summer days your body has difficulty maintaining a constant temperature(you gain more energy than you lose. Hot weather combined with physical exertion or too much exposure to the sun brings on heat exhaustion. Heavy physical activity causes your body to heat up and you perspire in an attempt to cool (the evaporation of sweat cools your skin). If the relative humidity is high, sweat doesn't evaporate making it hard for the body to cool off. Sweating helps cool the body but puts a stress on the body’s water balance, so during exercise you should drink proper amounts of water. Wearing improper clothing, drinking inadequate amounts of water, not getting enough rest, and experiencing hot, humid weather can all contribute to heat exhaustion or heat stroke( both serious health risks. Symptoms of heat exhaustion are: a drop in body temperature and blood pressure, cool and clammy skin, paleness, and profuse sweating. Untreated heat exhaustion may lead to a heat stroke. Symptoms of heat stroke include fever, nausea, headache, and increased blood pressure.


Going outside in a snowstorm without proper clothing will also strain your body’s heat-regulating mechanism( you lose more heat than you gain( making you susceptible to a cold. You have probably noticed that you are more vulnerable to colds in winter than in summer. Colds are more common when the outside air temperature fluctuates because people's bodies are fatigued by constantly trying to generate energy to keep warm. Viruses that cause the cold exist in your body all the time. Certain conditions, such as “chilling” make you less resistant to viruses and you may “catch a cold." Still, while weather conditions increase susceptibility to colds, colds are not due to weather. 


The human body’s resistance to hot and cold environmental temperatures varies with each individual and the amount and type of clothing worn. By experience, we are aware of the dangers of our bodies cooling down too fast or heating up too quickly. This is one reason many of us listen to weather reports--to decide how to dress for the day. In this chapter we discuss what controls the outside air temperature.

Surface Temperature


Temperature is an important weather variable, which is measured with a thermometer and represents the average kinetic energy of the air molecules. As discussed in the previous chapter, a change in the air’s temperature is dependent on its net energy budget, its specific heat, and whether phase changes of water have occurred. But how do we measure air temperature?

Surface temperature, unless otherwise stated, is the air temperature measured in the shade at 1.5 m (or 5 ft) above the ground.

As you learned in Chapter 1, temperature varies with altitude. To account for the observed temperature dependence on altitude, throughout the world all meteorological temperature measurements are made at the same reference height, 1.5 meters (about 5 feet) above the ground, usually on a grass-covered surface. Air temperatures at this height are called surface temperatures. The surface temperature is the temperature of the air near the ground, not of the ground. To avoid solar heating of the thermometer, temperature measurements are made in the shade.


Today’s average global surface temperature is approximately 15(C (or about 59(F.) The coldest temperature ever recorded is -88(C (-126(F) in Vostok Antarctica. The record maximum is 58(C (136.4(F) observed over Azizia, Libya. This chapter presents the reasons for the observed temperature variations across the globe, throughout the year, and at different times of the day.

  Surface Energy Budget


The previous chapter discussed the transfer of energy and how the balance of energy gains and losses determine an object's temperature. The flow of energy through a system can be represented by a simple diagram similar to Figure 3.1. Where the system, represented by the Earth in Figure 3.1, can be anything, your book, a cup of coffee or a volume of air at an altitude of 1.5 meters. A system is in energy balance if its energy gains equal its energy losses. 

Energy Gains = Energy Losses

On our planet, when averaged over the globe and over a year, the net solar energy gains are balanced (at least within measurement accuracy) by the net longwave radiation losses. The Earth, averaged over a year, is in radiative balance. 


Over short periods of time and in localized regions, energy gains are not always balanced by energy losses. When an energy imbalance exists, energy is stored within the system. An accumulation of energy represents a positive energy gain. The positive energy gain may result in a temperature increase. Conversely, when energy losses exceed energy gains the system may cool. A negative energy storage, or an energy leakage represents a net depletion of energy. 


An energy imbalance is common for many systems. For example, if you walk barefooted across a parking lot on a hot, sunny, summer day you will immediately notice that the blacktop is very hot. The blacktop is exchanging energy with the bottom of your feet. Each foot's energy gains are greater than its losses, and as a result, the bottoms of your feet get hot. At the same time, heat is also exchanged with the air above the blacktop, affecting the air temperature at which measurements are made. 


The temperature of the air near the ground is determined by energy exchanges with the surface. Convection, conduction, latent heating, radiation, and turbulence all play a role in transferring energy between the air and the ground. Highly erratic air motions, referred to as turbulence, are important in transferring heat. As air flows over the ground, friction causes the air to slow down near the surface.  This change of wind speed or direction causes the air to form irregular circulations called eddies (Figure 3.2). These turbulent motions last from a few seconds to a few minutes. As turbulent eddies randomly move parcels of air, the heat and moisture associated with the parcels are also transported. The vertical depth of the mixing depends on the strength of the turbulence, that is the gustiness of the eddies. 

Turbulence, the irregular motion of the wind, is very important in transferring energy between the ground and the air.

Tracking the specifics of energy exchanges in the atmosphere is complicated. Turbulent mixing, conduction, convection, radiation, sensible and latent heating all act at the same time to transfer energy, making it difficult to simply express the relationship between air temperature and surface conditions. Instead, let's turn our attention to observed variations in the air temperature and consider the major processes responsible for these changes. By comparing the observed temperature cycles of different cities, we find similarities and differences, which can be used to classify the larger-scale processes important in defining the surface air temperature. 

  Temperature Cycles


In meteorology, a cycle is a series of events that recurs regularly. For example, temperatures are usually warmer in the afternoon than during the night. How temperature changes throughout the day is the diurnal temperature cycle. This cycle includes the maximum and minimum daily temperatures and the time of day they occur (Figure 3.3). The maximum temperature frequently occurs during mid to late afternoon and the minimum during the early morning. The diurnal temperature range is the difference between the maximum and minimum temperatures of any given day. The daily mean temperature is determined by averaging the maximum and minimum temperature for a 24-hour period, or by averaging the 24 hourly temperatures.

Diurnal variations are systematic changes in a variable that occur within a day. It can be observed by averaging a meteorological variable as a function of time of day for many days.

Temperatures also depend on the time of year, being cold in winter and warmer in summer. This regular cycle of temperature change throughout the year is the seasonal or annual temperature cycle. Plotting the monthly mean temperature as a function of month represents the annual temperature cycle. The monthly mean (or average) temperature is calculated by adding together the daily mean temperature for each day of the month and dividing by the number of days in the month. The annual temperature range is the difference between the maximum and minimum monthly mean temperatures of a given geographic location.


The seasonal and diurnal temperature cycles of a given region reflect the net energy gains and losses. Cycles, and therefore net gains and losses can be compared across regions. For example, the annual mean temperature usually decreases between the tropics and polar regions because the solar energy gains are smaller in the polar regions. The five major factors that contribute to seasonal and diurnal temperature cycles are: latitude, surface type, elevation and aspect, relationship to large bodies of water, and cloud cover. First we will discuss these factors in terms of how they affect the annual temperature cycle.

  Annual Temperature Cycle

The geographic setting influences the temperatures at a given location. Comparing the annual temperature cycles of different locations allows us to observe how latitude, surface type, elevation and aspect, relationship to large bodies of water, and cloud cover all influence temperature cycles.

  Latitude

Insolation is the amount of solar radiation reaching the top of Earth's atmosphere. 

As discussed in Chapter 2, the tilt of Earth’s axis, or the angle of inclination, determines the amount of incoming solar energy and is the explanation for the seasonal cycle in temperature. The amount of incident solar energy at the top of the atmosphere, or insolation, is a function of time of the year, time of day, and latitude. 


Figure 3.4 plots the monthly mean temperatures (which together make up the annual temperature cycle) of New York, NY and Miami, FL. Both are large cities on the East Coast, are near a large body of water, and is nearly the same altitude above sea level. For each city, averaging the monthly mean temperatures yields the annual average temperature. Miami’s annual average temperature is 75(F (24(C) while New York’s is 53(F (11.5(C). The main reason for this temperature difference is that Florida is closer to the equator, and therefore, has a greater amount of insolation throughout the year (see Figure 3.5). 


The maximum monthly mean temperature of both cities occurs in July and the minimum in January. The maximum temperature occurs after, or lags, the time of maximum solar input, which occurs in June. Maximum solar radiation is received on the summer solstice; however, after the summer solstice, energy gains still exceed energy losses, and the atmosphere continues to warm. Not until late July are the energy losses (such as emission of radiation) larger than the energy gains, and the mean temperature begins to decrease. Energy losses are greater than the energy gains until late January or February, even though the minimum solar energy received occurs at the winter solstice.


New York’s annual range of temperature is larger than Miami’s range, 24(C (44(F) versus 8(C (15(F). Latitude influences the annual temperature range by controlling 1) the seasonal variation of the insolation, 2) the sun's zenith angle, and 3) the length of day. Throughout the year these three factors vary less in Miami than in New York, causing the temperature range to be smaller for Miami.

  Surface Type  


As discussed in Chapter 2, the surface of the Earth absorbs approximately 50% of the solar energy incident at the top of the atmosphere. So, the surface contains heat that can be transferred to the atmosphere. Because the atmosphere is heated below by the Earth's surface from below, the surface type plays an important role in determining the surface air temperature. 


Deserts have a large annual range in temperature (See Figure 3.6).  Why is this? Deserts gain large amounts of solar energy because of the persistent clear-sky conditions over the desert. But dry sand is a poor conductor of heat and has a low specific heat. As a result, the dry sand heats up and cools down rapidly. As energy is transferred between the surface to the atmosphere, the surface air temperature also has a large annual range. 


Surface vegetation also modifies the annual range in temperature. Vegetation reduces the temperature range through evaporation and transpiration, because some of the solar energy that reaches the surface is used by the plant in photosynthesis and evapotranspiration. A reduction of energy available for heating the atmosphere prevents vegetated surfaces from having the high surface temperatures observed over bare, dry soil. 

  Elevation and Aspect


When we consider energy exchanges over the ground altitude and slope are important. The effect of altitude is demonstrated by comparing the annual temperature cycle of Burlington, VT (elevation 300 feet), and Mount Washington, NH (elevation 5727 feet) (Figure 3.7). The two weather stations have similar latitudes but very different altitudes. The higher elevation station, Mount Washington, is on average colder than Burlington for every month of the year. At the higher elevation of Mount Washington, fewer molecules absorb incoming solar radiation and radiation emitted by the surface. Terrestrial radiation emitted by the surface can easily escape to space and does not heat the atmosphere. Mount Washington is also much windier than Burlington. The high winds, and associated turbulence, rapidly carries energy away from the surface and mixes the energy throughout the lower troposphere.


The aspect is also an important influence on the energy budget of a region, particularly the solar energy gains. In the northern hemisphere, under cloudless skies, a north-facing slope receives less solar energy than a south-facing slope (Figure 3.8). Because south-facing slopes receive more solar energy, they are warmer. South-facing slopes are also drier.  Since more solar energy results in increased evaporation, and thus, a reduced moisture supply. The effect of aspect can be seen by comparing the vegetation type of south facing slopes versus the type of vegetation growing on north facing slopes (Figure 3.9). In many regions of the western U.S. where the amount of vegetation depends heavily on available moisture, only sparse vegetation grows on south-facing slopes while plants grow densely on the moister north-facing slopes. These differences in vegetation further enhance temperature differences between the north and south facing slopes. 


Since the elevation and aspect of the land affect temperatures and moisture of the ground, they also influence the economic planning of a region. Ski-resorts are built on north facing slopes where evaporation is less and snow cover stays longer. Vineyards and apple growers in New York State plant their fruit on south-facing slopes where the growing season is longer.

  Effects of Large Bodies of Water  


The seasonal temperature cycle of a city is a function of its proximity to a body of water. The annual temperature cycles of Dallas, TX and Los Angeles, CA demonstrate this as shown in Figure 3.10. These two large cities are at approximately the same latitude, and therefore have about the same amount of solar energy entering at the top of the atmosphere. Los Angeles is located in North America on the shore of the Pacific Ocean whereas Dallas is inland, far from a large body of water. Each city's seasonal temperature cycle is distinctly different from the other. Dallas' annual temperature range is 22(C (39(F) while Los Angeles' is only 8(C (15(F). Los Angeles' monthly mean temperatures are modified because of the city’s vicinity to the Pacific Ocean. The summer time maximum temperatures are cooler and the winters warmer than in Dallas. 

Energy exchanges with the Earth's surface strongly influences the surface air temperature. Large water bodies act to thermally stabilize temperature differences of the surrounding air. The factors that contribute to temperature differences between continental and maritime regions are: 1) The specific heat of water is almost three times greater than land.  More heat is therefore required to raise the temperature of water.  Water also cools down slower than land 2) Evaporation from water bodies reduces temperature extremes over water bodies.  3) Solar radiation absorbed by water is distributed throughout a large depth of the water body due to mixing and the transparency of water to solar radiation. Over land, the solar radiation is absorbed near the surface where heat can quickly be transferred to the overlying atmosphere.


The temperature of the near-by water body also plays an important role in modifying a region's temperature. Consider the cities of Holy Cross, AL and Trondheim, Norway (Figure 3.11). Both cities are at similar latitudes and are near large bodies of water; however, Trondheim is located near the Gulf Stream. The Gulf Stream is a warm ocean current that heads toward the North Pole along the East Coast of North America and brings warm water to the North Atlantic, the Baltic countries, and Europe. As air moves over the Gulf Stream on its trek to Norway it is warmed by sensible heat flux from the ocean. Because of the Gulf Stream, Trondheim's annual temperature range is approximately 15(C (25(F) less than Holy Cross'.

  Cloud Cover  


Clouds have a large impact on the solar and terrestrial energy gains near the surface. Clouds reflect and absorb solar energy and reduce the amount of solar radiation reaching the surface, and cause a cooling at the surface. The thicker the cloud, the more energy reflected back to space, and the less solar energy available to warm the atmosphere below the cloud and surface. Clouds are also very good emitters of terrestrial radiation, increasing the downward infrared radiation, which inhibits the cooling below the cloud (Figure 3.12). 


Consider the annual temperature cycles of Los Angeles and San Francisco, CA (Figure 3.13). Both cities are on the west coast of North America. The maximum monthly mean temperature of Los Angeles occurs in July, as discussed earlier. San Francisco is very cloudy in July and August. Clouds reduce the solar energy gains reducing the daytime maximum.  Clouds also increase the terrestrial energy gains at the surface which reduces the minimum temperatures. In San Francisco, summertime clouds delay the time of maximum monthly mean temperature until September when the weather is less cloudy!

  Interannual Temperature Variations


The previous discussion on annual temperature variations was based on temperatures averaged over several decades. We know, again from personal experience, that some winters are colder than others are. Interannual temperature variations describe how temperature changes from one year to the next. Sometimes these changes are subtle and the causes unknown, while at other times the changes are dramatic and the causes known.


Meteorologists study interannual temperature variations by plotting the departure from the annual mean by year. The annual mean value, or a climatological temperature, is computed by averaging all temperature observations over a long time period. Departures for a given year are found by subtracting the long-term mean from that year’s mean value.


Figure 3.14 plots the surface temperature departures from the climatological temperature over land for the years 1880 to 1995. The 30-year period from 1951 to 1980 is the reference time period used to define a representative global mean of Figure 3.14. The thin line represents departures of individual years. The thick line shows long term trends seen by smoothing the data (for example, plotting the average departure of three consecutive years). In general, temperatures increased from 1880 until about 1940 when the temperature trend reveals a slight decrease over the next two decades. Temperature has steadily increased since 1970, with 1994 and 1995 ranking among the top five hottest years to date. Over the last 120 years the average global surface temperature has increased approximately 0.6(C (1(F). Scientists attribute this increasing trend to increased atmospheric concentrations of greenhouse gases, such as carbon dioxide, CFCs and methane. In Chapter 2 we briefly discussed how increasing the concentrations of these gases can lead to a warming trend. Before revisiting the problem in later chapters we will need to discuss the relationship between air temperature and water vapor content, something we will do in the next chapter. 


Notice the cool temperatures of 1992 and 1993. These cool temperatures are the direct result of the eruption of Mt. Pinatubo in the Philippines on June 15, 1991 (Box 3.1). This eruption provided the first direct observational evidence that strong volcanic eruptions tend to cool the earth. During a violent eruption huge quantities of ash, dust, and sulfur dioxide are ejected into the stratosphere. Since the stratosphere is stable, volcanic debris stays in the stratosphere for a couple of years, and its presence modifies the energy balance of the planet. The sulfur injected into the stratosphere by the volcanic eruption reacts chemically with air molecules to produce small droplets of sulfuric acid. These tiny drops absorb solar radiation and, more importantly, increase the amount of solar energy reflected back to space. Less solar energy is transmitted to the surface resulting in a cooling of the air near the surface (Figure 3.15.)


The 1990s was the warmest decade in the last century. The warming trend of the global average air temperature over the last 100 years is evidence of a change in global climate. Other evidence includes the retreat of many glaciers and an apparent rise in the level of the oceans. Global temperature changes of 0.6(C (1(F) near the surface do not sound like a very big change. To help put this change in perspective, temperatures during the latest ice age (20,000 years ago) were about 5(C colder than today's. While Figure 3.14 is compelling, it is also important to note that these temperatures represent an average over the globe. Changes at particular geographic locations may be greater or smaller than the global mean and year-to-year temperatures may vary considerably. These regional and yearly changes have an important impact on activities such as farm production. 


So, do you think the earth is warming overall? The news media often raise this question. The intent of this book is provide the foundation of knowledge required to evaluate the scientific merit behind the discussions and editorials presented in the news media. We will return to this question in our discussion of climate change. 

More dramatic than the year to year variations in temperatures are day to day temperature changes. Temperature can drop more than 30 degrees in a single day with the passage of a cold front!

  Diurnal Temperature Cycle


If you made temperature measurements every hour of a given day for many years, and averaged the measurements, a temperature cycle would emerge that shows a regular cycle of change according to the time of day. This is the diurnal temperature cycle that is driven by the diurnal changes in the energy budget near the ground. This variation is driven by the Earth's rotation which determines the solar energy input of a given region. 

The daily variation of air temperature near the ground is demonstrated in Figure 3.16 for a cloud free day. The incoming solar radiation and the outgoing terrestrial energy gains are also shown in Figure 3.16. as these energy gains and losses are important controls of the diurnal temperature cycle. The air warms during the morning as the sun rises in the sky and the air and ground warm due to absorption of solar energy.  As the ground warms it transfers heat to the atmosphere. The sun reaches its highest point in the sky at noon, as does the solar energy gains.  After noon, the solar energy gains are reduced, but the energy gains are still greater than the energy losses and so the surface temperature continues to increase. Once the energy losses exceed the energy gains, usually between 1:00 p.m. and 3:00 p.m., the air temperature begins to decrease.  As long as the energy losses exceed the energy gains, the temperatures continue to decrease. Temperatures reach a minimum around sunrise, and the cycle continues. 

The factors controlling the diurnal temperature cycle are the same as those that determine the annual temperature cycle: latitude, surface type, elevation and aspect, relationship to large bodies of water, and cloud cover.  

1. Latitude: How much solar energy a region gains plays an important role in defining the daily variation in the region's energy budget. Latitude plays an important role in determining the diurnal temperature cycle of a particular location. For a given time of year, the latitude defines the intensity of the sun’s rays and the number of daylight hours. In equatorial regions the position of the sun in the sky changes dramatically throughout the course of a day, from below the horizon to nearly overhead. Solar energy gains therefore vary greatly resulting in large variations in air temperature during the day. Equatorial regions, in general, have a greater diurnal variation of temperature than polar or midlatitude regions because of the larger variations in solar zenith angle.

2. Surface type: How much the ground, and therefore the air near the ground, warms will depend on the condition of the surface. Solar energy falling on bare, dry soil is absorbed within a thin layer near the surface. Since soil has a low specific heat and because the solar energy is all absorbed in a thin layer, the surface quickly warms. The heated surface then transfers its energy to the air via convection and conduction, warming the air. During the night, the soil surface cools down quickly as it loses energy in the form of terrestrial radiation. For all these reasons, desert regions experience a large diurnal temperature range. When vegetation is present, not all the incident solar energy is used to heat the surface. Some of the solar radiation is converted to chemical energy by photosynthesis and some is used to evaporate water from the plant (transpiration). The result is that the maximum temperature is less over the vegetative field than over bare soil.

3. Surface elevation and aspect: Air temperatures are normally warmer at lower elevations. Intuitively, you probably know this, but why is it? Much of the atmosphere's energy is received from the Earth's surface.  At lower elevations greater amounts of water vapor absorb both the incoming solar energy and the terrestrial radiation emitted by the ground, thus warming the air.  The radiative properties of the atmosphere surpress temperature variations. High elevation regions have less atmosphere and therefore tend to a have larger diurnal ranges than regions at sea level. The directional aspect of a surface affects how long a surface is exposed to direct sunlight and the angle at which the Sun’s rays strike the surface. Regions that directly face the Sun tend to have a larger daily temperature range than surfaces sloped away for the sun. 

4. Relationship to Large Bodies of Water: As with the annual temperature range, under clear sky conditions the diurnal temperature range is greater over regions far from large bodies of water than locations near water. The presence of large bodies of water reduce daytime maximum temperatures and increase nighttime minimums. A small diurnal temperature range is often observed over islands.

5. Cloud cover: Clouds reduce the diurnal temperature range by suppressing the daytime maximum and nighttime minimum temperatures. When clouds are present, the maximum daytime temperature is reduced because less solar energy reaches the ground. During the night, clouds increase the minimum temperature by increasing the longwave radiation absorbed by the air and the ground. The amount of reduction in the diurnal temperature range depends on the type of cloud. Thick clouds that are low in the atmosphere have the largest effect. Low clouds are warmer and therefore emit more terrestrial energy than high clouds.  Thick clouds also let less solar energy pass through them. High thin clouds have the smallest impact on an otherwise clear-sky diurnal temperature range.

  Temperature Variation with Height

Lapse rate denotes the decrease of temperature with increasing altitude. A positive lapse rate indicates that the temperature is decreasing with height.

Our discussion of the diurnal and annual temperature cycles concerned changes in surface temperatures which are measured at a standard height of 1.5 m above the ground. How the temperature varies with height also affects temperature variation with time.

  Lapse Rates and Stability

In Chapter 1 we briefly discussed how temperature variations with height or altitude are used to characterize the atmosphere. The troposphere is the atmospheric layer where, on average, the temperature decreases with increasing altitude at a rate of 6.5(C per 1 km (3.6(F per 1000 feet). This is the average lapse rate; on any given day the lapse rate will vary. The specific change of temperature with altitude at any particular time and location is referred to as the environmental lapse rate. The environmental lapse rate changes from day to day and from hour to hour. It can be measured by attaching a thermometer to a helium filled balloon. The temperature measurements are then radioed down to the surface and recorded. These vertical temperature measurements of the environmental lapse rate occur twice a day at many locations throughout the world. 


In Chapter 2 we discussed how the temperature of an air parcel changes as it is lifted. When lifted, a dry parcel cools at the dry adiabatic lapse rate, 10(C per 1 km. If the environmental lapse rate is greater than 10(C per 1 km, a parcel that is forced to ascend will cool slower than the environment is cooling. Thus the parcel will become warmer than its surroundings and, like a hot air balloon, will rise on its own! When this happens (i.e. when the environmental lapse rate is greater than 10(C per km) the atmosphere is said to be absolutely unstable. An absolutely unstable atmosphere is very favorable for strong upward motions of air. If a parcel of air is pushed upwards it will accelerate away from its original position and not return.


By contrast, a stable atmosphere inhibits the vertical movements of air parcels. Stable atmospheres occur when the environmental lapse rate is less than the dry adiabatic lapse rate of 10(C per km. The environmental lapse rate tells us the rate at which the atmosphere is cooling with increasing altitude. In the stratosphere the temperature does not decrease, but increases with altitude so the environmental lapse rate is a negative value. When a temperature inversion is present, parcels that are displaced from their position will cool faster than their environment and will tend to return to their original position. 

  Temperature Inversions Near the Ground


The range of diurnal and annual cycles in temperature depends on the distance from the ground. Figure 3.17 plots the temperature measured at various times on a cloud-free day. Let’s discuss this figure by first starting at 3 p.m. At this time the temperature increases closer to the ground, and the temperature near the ground is at its daily maximum. By 8 p.m. the Sun is low in the sky, and the temperature below an altitude of 100 m has cooled because energy losses exceed energy gains creating a temperature inversion. Temperature inversions occur when temperature increases with altitude. A temperature inversion near the ground is present at 8 p.m. between the surface and about 100 m.  The atmosphere cools the closer you are to the ground. On a clear calm day temperature inversions occur primarily because of radiative processes. By 5 a.m. the temperature inversion has extended to approximately 800 m. At sunrise, solar energy heats the ground, and conduction and convection transfer heat upward warming the air. By 10 a.m. the inversion has been destroyed, due to continued warming of the ground by the Sun’s rays and the subsequent transfer of energy upward into the atmosphere. 

So, the largest temperature range in a diurnal cycle in the lower atmosphere can be seen near the ground. In addition to incoming solar and longwave energy, maximum diurnal temperature range is also greatest near the ground because of the influence of heat transfer from below ground to the surface. This heat transfer is also influenced by diurnal temperature variations, which exist below the ground.


A temperature inversion that develops near the ground during the night is referred to as a nocturnal inversion. Nocturnal inversions happen when terrestrial radiation is lost by the air and ground and are therefore also referred to as a radiation inversion. Nocturnal inversions frequently occur on clear, calm nights and are more prevalent during winter than summer. The primary factors controlling the development of a nocturnal inversion are clouds, wind, length of the night, and the condition of the ground.

· Clouds inhibit the formation of a nocturnal inversion by emitting terrestrial energy toward the surface, reducing the surface energy losses. The cooling of the ground is suppressed, and development of the surface nocturnal inversion is inhibited. 

· Winds are the mixers of the atmosphere. If a temperature inversion exists and the winds suddenly increase the inversion is destroyed as warm air aloft is mixed with the cooler air below.

· Winter nights are longer than summer nights. The longer the sun is down, the more time the surface has to cool down and form the nocturnal inversion. Nocturnal inversions are prevalent over the polar caps in winter.

· The condition of the ground is another variable to consider when forecasting nocturnal inversions. For example, snow is a very good emitter of terrestrial energy and, because of the trapped air, is a poor conductor. As a result, the top of the snow surface rapidly cools and the air near the ground cools as energy is transferred from the atmosphere to the surface, a condition favorable for a radiation inversion.


Why are temperature inversions important? Suppose a temperature inversion near the surface exists. If we lift a parcel of air near the surface the parcel expands and cools, since pressure decreases with altitude. If we stop lifting the parcel and compare the parcel’s temperature to the temperature of its surroundings, the parcel will be cooler. The temperature of the air in the environment is increasing with height while the parcel’s temperature, which was once equal to the surface temperature, is cooling. Therefore, the parcel is more dense then the air around it and will sink back to its original position. So, temperature inversions suppress the upward movement of air!


Temperature inversions are sometimes referred to as a “lid," since it is difficult for air to move vertically through them. Episodes of strong air pollution events are often associated with temperature inversions. Pollutants get ‘trapped’ near the surface because vertical mixing is reduced by the existence of the inversion (Figure 3.18). 


Temperature inversions also often develop in valleys. At the same pressure, cold air is denser than warm air. Air that is colder than its environment sinks. Consider the conditions of a valley on a clear calm night in October. During the evening the air begins to cool by radiation losses. The coldest air drains down hill, settling at the bottom of the valley (Figure 3.19). By late evening, the air at the bottom of the valley is often colder than the air near the surrounding slopes.

  Wind-chill  

On a cold, windy day, you try to keep yourself warm by seeking shelter from the wind. It feels colder in the wind because the wind transfers your body heat away by conduction. While still air is a poor conductor, moving air is not! The cooling power of the wind is measured by the wind-chill factor. To explain the wind-chill factor, let’s first consider a calm day with an air temperature of 32(F (0(C). Conduction transfers heat from your skin to the surrounding air molecules. These molecules, because of random motions, will slowly diffuse away from your skin, taking some of your body heat with them. Since diffusion is a slow process, you do not lose much heat by conduction on a calm day. Once the wind begins to blow, your skin comes into contact with more molecules, giving up heat to each one by conduction (Figure 3.20). This energy is then carried away by the wind. The number of molecules colliding with your skin increases as the wind-speed increases. The rate at which your skin loses heat increases, and you cool faster. The wind-chill accounts for the increased loss of heat by the movement of the air. The wind-chill is only relevant to object, such as humans, that need to maintain a constant temperature that is higher than their surroundings. The wind-chill factor cannot be measured with a thermometer, it must be computed.


The wind-chill equivalent temperature, expressed in degrees, translates your body’s heat losses under the current temperature and wind conditions, to the air temperature under low wind conditions that would produce equivalent heat losses. Table 3.1 gives the wind-chill equivalent temperature as a function of current temperature and wind-speed. Box 3.2 discusses some of the hazards of extreme temperatures.

  Temperature and Agriculture


For both large-scale farming and home gardeners, a cold air outbreak at the wrong time can be costly.  A freeze in Florida can reduce harvests and increase the price of orange products.  Nocturnal inversions also pose a threat to agriculture.


At night, energy losses are greater at the ground than in the air immediately above the surface. The development of this nocturnal inversion is important for agricultural reasons. Because of the inversion, the air temperature measured at 1.5 meters may be above 0(C (32(F), while temperatures at the ground near the plants may fall below freezing, injuring the plant. To protect the plants their energy budget must be modified to keep their temperature from falling below freezing. Putting certain plastic coverings (some plastics transmit longwave radiation easily, others are opaque to the radiation) over the plants is similar to adding cloud cover. You decrease the overall longwave radiative energy losses, reducing the plant's heat losses. During the day, plastic allows solar energy to warm the ground and the plant, but inhibits heat losses due to sensible heat.


Reducing the amount of heat lost by covering the plants is one example of frost protection. Another method of frost protection is to supply heat to the area. Orchard heaters are large heaters that heat the air directly. In addition to supplying heat to the air around the plants, the rising hot air mixes of the air throughout the inversion. Mixing inhibits the development of a surface temperature inversion in a way similar to a strong wind. Large fans are also used to mix air. The turbulent winds generated by the fans bring warm air from above down to the surface to warm the plant. Covering plants and mixing air around them are useful for protecting plants from frost damage that occurs with the development of a radiation inversion.


Another way to protect plants from freezing even without a radiation inversion is to cover them with ice! Many plants are not damaged if the temperature is at 0(C (32(F), since moderate to severe damage by frost generally occurs at approximate -2(C (28(F). If the temperature of the plants is at freezing, spraying them with water will cause the water to freeze. A phase change of 1 gm of water from liquid to ice releases 80 cal of heat to its environment. As the plant becomes encrusted with ice, the plant temperature is kept at freezing. This keeps the plant from falling to -2(C and thus, the plant is protected from cold weather damage. 

  Summary


Much of the heating of the lower atmosphere results from energy that is transferred upward from the ground. Conduction between the ground and the atmosphere is slow because air is a poor conductor. Conduction therefore only affects the air temperature close to the ground. Convection, turbulent mixing by the winds, radiative and latent heat fluxes are responsible for most of the energy exchanges between the ground and the rest of the air. The energy budget of Earth's surface, particularly over land, is controlled by the solar energy gains, and therefore exhibits annual and diurnal cycles. Air temperatures in the lower atmosphere also have annual and diurnal cycles.


Energy imbalances are the cause of temperature change. If there is a periodic nature to the energy balance, then there is a temperature cycle. The temperature range is the difference between the maximum temperature and the minimum temperature. Temperature lags represent the time difference between the maximum temperature and the maximum solar energy input. 

The annual and diurnal temperature cycles are primarily driven by the periodic nature of solar energy gains at the ground. The diurnal and annual temperature cycles are related to: 

1. solar energy input, and therefore latitude, the time of day, and the time of year;

2. the surface type which determines specific heat and influences evaporation; 

3. cloud cover, which suppresses temperatures during the day and enhances surface temperature during the evening; 

4. altitude and aspect, temperature changes are at a maximum at the surface and decrease with distance from the ground. If the surface faces the sun it will be warmer than if the surface is in the sun's shadow.


Temperature changes with distance from the ground. The environmental lapse rate describes how the temperature varies with altitude at any given time and location. When temperatures increase with altitude, the atmosphere is said to be having a temperature inversion. Temperature inversions are stable and vertical motions of air parcels are inhibited. If the environmental lapse rate is greater than the dry adiabatic lapse rate, then the atmosphere is described as being absolutely unstable.


Conditions favorable for the formation of a surface temperature inversion are: clear skies, long nights, calm or light winds, and little vegetation. These conditions lead to radiative energy losses that are greatest near the surface. Drainage of cold air in valleys can also form inversions near the ground. The formation of temperature inversions is of concern in air pollution episodes, agriculture and severe weather forecasting.


During winter in northern United States and Canada, nightly weather reports often include the wind-chill equivalent temperature.  It is an apparent temperature that indicates how cold it feels outside and is related to air temperature and wind speed. Summer weather reports in the warm, humid east and southeastern United States often include the Apparent Temperature Index or the Humidity Index, which are related to air temperature and humidity. Humidity, and the formation of clouds and precipitation is a topic of the next Chapter.

  Terminology 

You should understand all of the following terms. Use the glossary and this Chapter to improve your understanding of these terms.

Absolutely unstable atmosphere
Annual temperature cycle

Daily mean temperature

Diurnal temperature cycle

Environmental lapse rate

Lag

Lapse rate

Monthly mean temperature

Nocturnal inversion

Radiation inversion

Temperature Range

Turbulence

Stable atmosphere

Surface energy budget

Surface temperature

Temperature

Temperature inversion

Wind-chill equivalent temperature.

  Review Question

1. Take three pans of water and fill one with cold water, one with hot water, and the final one with warm water. Place one hand in the cold water while the second hand is in the hot water. Hold your hands in the water for 2 minutes. Remove your hands and place them both in the third pan of water. Does the water feel warm or cold? Explain your observations.

2. Leucochroa candidissima is a species of desert snail. During the day they climb up the branches of plants. Why do you suppose the snails do this?

3. When I was a child, I was envious of my friend during the winter. We lived in houses that were very similar, though he lived across the street from me on the north side. After a winter storm passed and the sky cleared, he often had much less work to do in shoveling his sidewalk than me! Why do you think this was the case? 

4. If you were building a house in the Northern Hemisphere, why would you want to put your large windows on the south facing side?

5. Why do cities located on islands or near the coast have a smaller annual temperature range than cities located in the interior of continents?

6. Why is the diurnal temperature range larger over dry sand than over wet sand?

7. Why are nocturnal inversions in the middle latitudes more common during winter than summer?

8. Place a thermometer on a windowsill in direct sunlight and another thermometer on the floor below the window next to the wall. Come back in one hour and write down the temperatures measured in the two locations. Explain your temperature observations in terms of energy gains and losses.

9. The best way to prevent frost damage is to plan the location of your crop. Based on our discussions of the factors controlling temperature, can you explain why it is better to plant frost sensitive crops on a hillside rather than at the bottom of a valley?

10. The monthly mean temperatures for Barrow Al are available on the Web. Plot and discuss the annual temperature cycle of this city.

11. Explain why the diurnal cycle of temperature of a city in Maine is a function of time of year. 

12. Explain why the energy budget at the ground is a critical factor in determining the air temperature above the ground.

  Web Activities

Measuring air temperature

Current temperature maps -- updated daily

Remote sensing atmospheric temperature

Satellite loop demonstrating diurnal temperature variations

Satellite loop of how a solar eclipse effects surface temperature

The shape of the annual temperature cycle

The importance of temperature extremes 

Annual temperature diagrams

Practice multiple choice exam

Practice true/false exam

Table 3.1 The wind-chill equivalent temperature chart tells us how cold it feels outside when the wind is blowing. It assumes the skin is exposed and neglects respiratory heat transfer, and absorption of sunlight.




Box 3.1 Application: Volcanoes and climate


Historical evidence supports the premise that volcanic eruptions cool the Earth. Between 1812 and 1817 there were three major volcanic eruptions. Soufrier on St. Vincent Island erupted in 1812; Mayon in the Philippines in 1812; Tambora (the largest) in Sumbawa Indonesia in April 1815. Abnormally cool temperatures in 1816-1817 were accompanied by wetter than normal weather in many areas, and led to the disastrous famines of 1816-1817. 


Debris from the eruption of Mt. Tambora (8(S latitude, 118(E longitude) took one year to spread globally. The following year, 1816, is known as the year without a summer. While extensive meteorological observations did not exist at this time, people’s diaries and weather journals documented the cold weather of the summer of 1816. 

In New England snow fell in June and frost occurred in July and August. Even though late frost killed a large number of crops, the entire summer was not below freezing. Indeed, on June 5, the day before the snowfall, the temperatures in Vermont were in the low 30’s(C (upper 80’s(F)! After the early June cold spell in New England, farmers, hoping for a good crop, replanted their crops as temperatures returned to normal. Another cold spell hit in early July bringing freezing temperatures to the area. Harvests were bad that year and resulted in severe food shortages in parts of New England. The poor harvest had an economic impact throughout the United States. In Philadelphia in May 1817 a bushel of corn cost twice as much as it had in April 1816. 


Weather in Europe and other regions of the globe were also abnormal in 1816. In Europe, the cold and wet weather contributed to a disastrous harvest as crops rotted in the field. Famine, food riots, grain hoarding, and government embargoes followed. The cold, moist weather patterns may have contributed to the typhus epidemic of 1816-1819 in Europe that killed approximately 200,000 people and the cholera outbreak of 1816-1817 originated in Bengal and spread throughout the world.


Bad weather during this time also led to some positives. Rather than going outside in the cold damp weather, Mary and Percy Bysshe Shelly passed their summer vacation indoors telling ghost stories with Lord Byron. In 1818 Mary Shelly’s ghost story was published, giving birth to a monster that gave me nightmares--Frankenstein. 

Box 3.2 Application: Temperature and Your Health


Frost bite occurs when your skin cools down below the freezing point. Frost bite usually occurs at your body’s extremities first: fingers, toes, and ears which have large surface areas compared to their masses. Since objects with greater surface area than mass cool down faster. 


If your skin loses heat faster than your body can produce it, your internal body temperature drops. For example, by shivering in an attempt to keep warm, the body loses energy. Hypothermia occurs when your body can not produce enough heat to keep up with its heat loss.  Then body temperature can drop to a point where metabolic activities cannot operate normally. The first signs of hypothermia are confusion and a loss of judgment, followed by stupor and possibly death. To avoid hypothermia you should be aware of the amount of wind-chill and try to stay out of the wind and keep dry. When someone has been overexposed to the cold, get them into warm dry clothes, have them drink hot beverages, give them food and allow them to rest, but do not give them alcohol as it lowers the internal body temperature.


The above discussion dealt with the air temperature being colder than the body temperature 37(C (98.6(F). During summer there are many regions in the US and the world where the temperature gets into the 38(C (100(F) range. Because the air is warmer, heat is transferred from the air to your body, causing your body temperature to increase. When exposed to hot conditions, your body tries to cool down by sweating and evaporation. The amount of vapor in the atmosphere determines the rate of evaporation. We will talk more about evaporation in the next chapter on moisture.
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