
Climate Science 

WATER, HEAT, AND HEAT TRANSFER / WATER AND HEAT STORAGE AT
THE EARTH’S SURFACE

MONITORING DEGREE DAY UNITS

Background:

A familiar gauge used to assess a winter's severity is the amount of heating fuel that we need to use to 
keep our homes warm over the winter. In other words, during the next several months many of us will 
inquire as to how the winter of 2013-2014 has affected our pocket books when it comes to space 
heating. For comparison purposes, we may try to remember how this winter compares with last winter 
or to some long-term average. We can monitor this situation by regularly returning to the tabulations of 
heating degree-day units. 

The heating degree-day unit has been a useful indicator that gauges the amount of energy required for 
space heating. (The heating degree-day unit is determined from the difference between the average 
daily temperature and the 65 degree Fahrenheit base; negative departures are counted as heating degree 
day units, with accumulated totals summed from the beginning of July and running through the end of 
the following June.) During the first several days of each new month, the Climate Analysis Center of 
the National Weather Service compiles heating degree data for the previous month and posts these data 
for approximately 250 selected cities around the country. 

Since the statistics for September are yet to be processed, those statistics for August will serve as an 
example. The number of heating degree-day units accumulated for the month appears in the column 
marked "Monthly Total". Adjoining columns display the comparisons between this year and the 
"normals", as well as with last year. Specifically, the arithmetic differences between the month totals 
from this year and the "normals" representing the 30-year averages for the 1981-2010 climatological 
reference interval appear in the column marked "Month. Dev. from Norm." The difference between this 
year and the same month last year appear in the column "Month. Dev. from L. YR." Similar columns 
show the comparisons between the total number of heating degree day units accumulated over the 
current heating season that started on 1 July and the corresponding values for normals-to-date and last 
season-to-date. Percentage differences are also presented. 

The climatologists at the Climate Analysis Center have also prepared a corresponding list of 
population-weighted heating degree-day units for each state. These latter statistics are used to show the 
temperature-related energy consumption on the state, regional, and national levels. 

To help interpret the meaning of these heating degree-day unit tabulations, we may try to see how 
temperatures this upcoming winter would compare with those of last winter or to some long-term 
average. One could inspect the tables of monthly average temperature (in degrees Fahrenheit) that are 
furnished by the National Weather Service a few days after the end of each month for the selected U.S. 
cities. 

Since the heating season was only 2 months old for the provided table and most locales have not 
experienced daily average temperatures significantly below 65 degrees Fahrenheit, analysis of these 
statistics is somewhat premature. Therefore, a more meaningful analysis could be made by revisiting 

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/cdus/degree_days/mctyhddy.txt
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/cdus/prcp_temp_tables/mctytemp.txt
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/cdus/degree_days/msahddy.txt


this site in several months, after winter begins in earnest across many portions of the country. The 
preliminary results through August indicate that nationally, fewer heating degree-day units had been 
accumulated for the season (since 1 July) than the 30-year "normal." With most of the experiencing 
average to above average summer temperatures in 2013, many regions designated by the Climate 
Analysis Center had lower accumulated heating degree-day totals than average in July and August 
2013. However, sections of the Midwest, the Mid-South and the Southeast had below average 
temperatures in July and August, leading to greater than average cumulative heating-degree day totals. 
In addition, most of the regions of the continental United States had more heating degree-day units 
accumulated this summer as compared with the first two months of the previous 2012-2013 heating 
season, as that summer was one of the hottest across most of the nation. 

Corresponding sets of cooling degree-day units for selected cities and for population-weighted regions 
were also compiled and are made available. (The cooling degree-day unit is determined from the 
difference between the average daily temperature and the 65 degree Fahrenheit base; positive 
departures are counted as cooling degree day units, with accumulated totals summed from the 
beginning of January and running through the end of the year.) These statistics indicate that most of the 
country with the exception of sections in the Midwest and Southeast experienced more cooling degree-
day units for the first eight months of the year than the 30-year climatological "normals" to date. This 
higher number represents an eight-percent increase over "normal." New England had increases that 
were over 40 percent above normal. When compared with the 2012 cooling season, which featured the 
record hot summer, the 2013 cooling season across most of the nation had fewer accumulated cooling 
degree-day units. Only the West had more cooling degree-day units in 2013 than in 2012. When 
averaged nationwide, this current cooling season to date is experiencing a 12-percent decrease from the 
2012 season, but still is 8 percent above normal. 

How these cooling degree statistics translate into a change in the cost of your utility bill is not as clear-
cut as the cost relationship with the cumulative heating degree-day units. Other factors, such as the 
atmospheric humidity levels, the amount of sunshine and your life style may also significantly 
influence your decision to run your air conditioner. 

Part 1: WATER, HEAT, AND HEAT TRANSFER

Driving Question: How does water react to the gain or loss of heat?

Educational Outcomes: To describe how different substances respond to the gain or loss of heat 
energy. Knowing the amounts and specific heats of different substances, determine their temperature 
changes as the result of adding or removing known quantities of heat energy. To explain latent heat, 
the heat energy that is added to or lost from a substance without a change in temperature during phase
change (e.g., melting or freezing of water). To apply this knowledge about sensible heat and latent 
heat to determine how much heat energy is absorbed or released as the water substance changes 
temperature and phases.

Objectives: Water plays a central role in Earth’s climate system. Water can exist as liquid, vapor, 
and solid within the temperature and pressure ranges existing at and near Earth’s surface. Water is 
unique compared to most other substances in the relatively large gains or losses of heat energy 
required to undergo equivalent temperature changes. To change phase, water absorbs or releases 

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/cdus/degree_days/msacddy.txt
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/cdus/degree_days/mctycddy.txt


huge amounts of energy compared to practically all other substances. These properties make water a 
primary vehicle for transferring heat energy from place to place in the Earth system. The resulting 
mass and energy flows constitute the global water cycle; a major component of Earth’s climate 
system.

After completing this investigation, you should be able to:

• Describe temperature changes resulting from heat transfer to different  
     substances. 
• Describe the role of heat energy in the phase changes of water.
• Determine how much heat is involved in temperature and phase changes of water substance.

Sensible Heating and Temperature Change

Heat gains or losses cause substances to warm or cool (unless they are undergoing phase changes). 
Sensible heating is the heat transfer that causes a temperature change of a substance without change 
of phase. Sensible heating involves a property of a substance called its specific heat, defined as the 
amount of heat required to change the temperature of 1 gram of a substance 1 Celsius degree. Listed 
in Table 1 are specific heats of several substances in calories per gram per Celsius degree (cal/g/C°). 
[1 cal/g/C° = 4.186 J/g/C°]

To calculate the amount of sensible heat (H, in cal) involved in warming or cooling a substance 
through a specific temperature change, multiply the amount of matter (m, in grams) times the 
specific heat (c, in cal/g/C°) times the temperature change (Thigher – Tlower) in Celsius degrees.

H = m × c × (Thigher – Tlower)

Based on the specific heat values shown in Table 1, how much heat is required to raise the 
temperature of three grams of each of the following substances from 15 °C to 25 °C? [Example: 
Determine (1) by multiplying 3 g of water × 1 cal/g/C° × (25 °C – 15°C)]



Now consider equal amounts of heat added to equal masses in determining how much the 
temperature would be changed.

(Thigher – Tlower) = H/(m × c)

Five cal of heat are added to 1 g of each of the following substances whose specific heats are given 
in Table 1. Each will be warmed by how many Celsius degrees? [Example: Item 5 – Determine 
temperature increase for 1 gram of sand by dividing 5 cal by 0.2 cal/g/C°.]

9. Five cal of heat are now removed from each of the substances described in Items 5 - 8 after 
they attained their final temperatures. All will end up with temperatures [(lower than)(the 
same as) (higher than)] their starting temperatures.

Latent Heat and Water

Latent heat is the amount of heat involved in changing the phase of a substance without an 
accompanying change in temperature. Table 2 presents latent heat values (L) for water substance 
at one atmosphere of pressure and are expressed in calories per gram (cal/g). The amount of heat 
transferred during a phase change is: H = m × L

10. Imagine a container filled with equal amounts of pure (fresh) water and crushed ice well 
mixed together. Its temperature will be 0 °C and will remain at that temperature until either 
complete freezing or melting occurs. According to Table 2, one gram of ice in the mixture will 
melt if [(80) (540)(597)(677)] cal of heat is added to the mixture.



11. If [(80)(540)(597)(677)] cal of heat is lost from the water/ice mix, one gram of water will freeze.

12. Table 2 shows that at 100 °C (boiling temperature of water at one atmosphere of pressure)
the  amount of heat  absorbed when one gram of  water vaporizes is [(80)(540)(597)(677)]
cal. This  amount  is  what is  commonly reported as the value of  the latent heat of
vaporization.

13. However, liquid water can vaporize at any temperature. The energy involved in the phase 
change varies with temperature. Table 2 shows that as the temperature at which evaporation 
takes place increases, the amount of heat necessary to evaporate a gram of water [(increases)
(decreases) (remains the same)].

14. Water vapor can condense at any temperature at which water exists as a liquid. The latent heat of 
condensation at any temperature is the same as the latent heat of vaporization at the same 
temperature. However, with condensation the latent heat is released to the environment rather 
than absorbed from the environment. According to Table 2, the value of the latent heats of 
vaporization and condensation at 10 °C is [(80)(586)(592)(677)] cal per gram.

15. Ice can vaporize without first melting (called sublimation) and vapor can deposit directly as 
ice (called deposition) at any temperature that ice exists. The table shows that for 1 gram of 
ice to directly change from solid to vapor at 0 °C requires [(80)(540)(597)(677)] cal.

16. Ice at 0 °C can also end up as vapor at 0 °C by first melting and then evaporating. One gram of ice
at 0 °C requires the addition of 80 cal to melt. According to the table above, the resulting one 
gram of liquid water would require an additional [(80)(540)(597)(677)] cal to vaporize at 0 °C.

17. Whether ice sublimates at 0 °C or melts and then vaporizes at 0 °C, the total amount of 
energy absorbed in changing from solid to vapor is [(80)(540)(597)(677)] cal per gram.



Heat Energy Transfers

Imagine that on a sunny winter’s morning a frozen water puddle initially at −5 °C warms to 0 °C, 
melts, the liquid warms to +10 °C, and disappears through evaporation. Determine the amount of heat
required to change 10 grams of the ice initially at −5 °C to water vapor at +10 °C by completing 
Table 3. The first step in the process is shown as an example.

Complete the labeled blanks in Table 3 before answering Items 18, 19, and 20 below table.

18. [(25)(800)] cal     19. [(10)(100)] cal 20.[(540)(592)] cal

21. According to Table 3, the total amount of energy absorbed in the process of changing 10 g of ice 
at –5°C to vapor at 10 °C is [(925)(5920)(6845)] cal.

22. The processes described in the table involved heat transfer 
from the [(environment to ice or water)(ice or water to the 
environment)].

23. Which process required the addition of the greatest amount of heat? [(warming ice)(melting 
ice) (warming water)(vaporizing water)].

24. Based on the above completed table and the Law of Energy Conservation (Energy cannot be 
created or destroyed.), if 10 grams of water vapor at +10 °C condensed to water on the soil 
surface, cooled to 0 °C, froze, and then cooled to –5 °C, a total of [(925)(5920)(6845)] cal would 
be transferred from the water to the environment.

25. From our investigation of phase changes of water, it is evident that the global water cycle involves
the flow of [(energy)(mass)(both energy and mass)] within Earth’s climate system.

Summary: Water has a number of physical properties that cause it to play a central and dominant 
role in Earth’s climate system. Of particular significance are the high specific heats and latent heats 



of water which were explored in this investigation. As we will see, these and other properties 
(including water vapor being the major “greenhouse gas”) make water the core ingredient of climate, 
climate variability, and climate change.

WATER AND HEAT STORAGE AT THE EARTH’S SURFACE

Driving Question: What role does water play in producing different seasonal temperature 
variations at places downwind of an ocean or large lake (maritime 
locations) versus places situated well inland (continental locations)?

Educational Outcomes: To compare heat energy storage in water and land. To describe how 
energy from the Sun is absorbed and later released at land and water locations. To explain why 
ocean and large lakes impact weather and climate differently than land surfaces. To compare annual 
swings of surface air temperature at maritime and continental locations at the same latitude.

Objectives: Water’s high specific heat compared to other Earth materials is one of the principal 
reasons why the ocean and large lakes impact weather and climate quite differently than do land 
surfaces.

Water has one of the highest specific heats (1 cal/g/C°) of all substances found in nature.The specific 
heats of solid Earth materials, such as limestone, marble and dry soil, are about one-fifth that of 
water. These differences in specific heats account for huge differences in the amounts of heat energy 
absorbed, stored, and released to the atmosphere by land and water which have important 
implications for weather and climate. Heat is the name given to energy transferred in response to a 
temperature difference within or between substances; heat is always transferred from where it is 
warmer to where it is colder.

After completing this investigation, you should be able to:

• Compare heat energy storage in water and soil.
• Compare seasonal changes in heat energy stored in water bodies versus 
land. 
• Describe how climate is influenced by nearness to water bodies.

Heat Storage in Land and Water

The major purpose of this investigation is to determine the amounts of energy absorbed and later 
released at land and water locations at essentially the same latitude over the period of a year. 
During part of the year, lakes and the ocean are absorbers of huge quantities of energy delivered by 
the Sun. The rest of the year, these same lakes and ocean release the stored energy to the 
atmosphere above. Land surfaces absorb, store, and release energy, too, but in much different 
quantities.

Temperature measurements were obtained at two midlatitude locations at different depths in water 
(Lake Michigan) and in soil (St. Paul, MN). Table 1 and Table 2 include average annual maximum 
and minimum water and soil temperatures for different depth layers resulting from actual 



measurements made at the two locations, down to levels where temperatures remain steady 
throughout the year.

“Total Energy Stored” in a one square-centimeter column of water: 7.___________cal

“Total Energy Stored” in a one square-centimeter column of soil: 11.___________ cal



Determine the temperature change between each layer’s maximum and minimum temperatures over a 
year. Temperature Change calculations for most layers are already recorded as examples [e.g. top 
layer - Water: 24 °C – 4 °C = 20 C° and Land: 25.5 °C – (-6 °C) = 31.5 C°]. Complete the 
Temperature Change columns by calculating and recording missing values in the tables. Indicate 
your determinations below:

Imagine two vertical columns with cross-sectional areas of 1 cm2, one of water and one of soil, at the
above locations, and each extending downward to where temperatures remain steady throughout the 
year. With the information provided in the tables, it is possible to calculate the amount of heat 
energy stored and later released in individual layers of the two columns over the period of a year. 
Most of these calculations have already been done.

To calculate the amount of “Energy Stored”(H, in cal) involved in warming or cooling a given 
volume of a substance through a specific temperature change, multiply the volume of matter (V, in 

cm3) times the “heat storage” (c’, in cal/cm3/C°) times the temperature change (Thigher – Tlower) 

in Celsius degrees.

H = V × c' × (Thigher – Tlower)

“Heat storage” describes heat necessary to change the temperature of a unit volume of a substance. 
[Note that this is different from specific heat because specific heat is based on temperature changes of 
a unit mass of a substance. As one gram of water occupies one cubic centimeter, it follows that one 
calorie of energy is equally required to change the temperature of one cubic centimeter of water one 
Celsius degree.]

In Table 1, the amount of heat stored in each layer of the water column was determined by 

multiplying the volume of water in the column layer times the “heat storage” value of 1 cal/cm3/C° 

times the temperature change. This was already done in the top layer having a volume of 1000 cm3 (1
cm x 1 cm x 1000 cm) that experienced a temperature change of 20 C°. Complete the Energy Stored 
column by calculating and recording missing values in the table. Indicate your determinations below:

5. [(0)(25)(1102.5)(15500)] 6. [(0)(25)(1102.5)(15500)]

7. Using the Table 1, Lake Michigan data, compute the “Total Energy Stored” in a vertical column
of water with a cross-sectional area of one square centimeter extending from the surface of Lake 
Michigan to a depth of 15000 cm. It is found by adding together the energy stored in the 
individual layers of the column. Total Energy Stored is the amount of heat added to the water 
column as it warms from its average minimum temperatures in winter to its average maximum 
temperatures in summer. The “Total Energy Stored” in the Lake Michigan water column was 



[(20000)(35000)(53000)] cal.

In Table 2, the same procedure used in Table 1 is employed to calculate the Energy Stored in each 
layer of the soil column. It was assumed that 0.5 calorie of energy is required to change the 
temperature of one cubic centimeter of soil one Celsius degree. (This soil “heat storage” value is 
typical for a loam or silt loam soil with a water content of 25%.) Complete the Energy Stored 
columns by calculating and recording missing values in the tables. Indicate your determinations 
below:

8. [(0)(25)(1102.5)(15500)] 9. [(0)(25)(1102.5)(15500)] 10. [(0)(25)(1102.5)(15500)]

11. Using Table 2 data, compute the “Total Energy Stored” in a vertical column of soil with a
cross-sectional area of one square centimeter at St. Paul extending from the land surface to a 
depth of 1300 cm. The “Total Energy Stored” in the soil column was [(1103)(3310)(4387.5)] 
cal.

It can be assumed that the energy entering and leaving the water and soil columns must pass through 

the top surfaces of the columns, their 1 cm2 interfaces with the overlying atmosphere. Consequently, 
it is possible to contrast the heat storage capacities of land and water bodies to gain insight into their 
possible impacts on local and regional climate.

12. Comparing the amount of heat energy stored, the water column stored and later released 
[(0.06) (16)(53)] times as much heat energy as did the soil column.

13. Generalizing from the finding in Item 12, it appears that [(soil)(water)] has the capacity to 
store and later release much greater quantities of heat energy.

14. In Investigation 3A, incoming solar radiation data were presented that indicated in June and July, 
midlatitude locations receive on an average day approximately 500 cal of energy on every square

centimeter (5 kWh/m2) of horizontal surface. Assuming that Lake Michigan receives about the 

same amount of incident radiation (500 cal/cm2) on an average summer’s day, it appears that the 
Table 1 Lake Michigan water column absorbed an amount of heat energy equivalent to about 
[(6.6) (16)(106)] days of average summer incident solar radiation.

15. Assuming that  St. Paul, MN received about  the same amount  of  incident  radiation (500

cal/cm2) on an average summer’s day, it  appears  that  the Table 2 soil column absorbed an
amount of heat energy equivalent to about [(6.6)(16)(106)] days of average summer incident
solar radiation.

16. The stored heat is gradually released through Earth’s surface to the atmosphere above during 
the colder portion of the year. Items 7 and 11 infer that this flow of energy would cause air 
temperatures above the [(soil)(water)] surface to be higher during this colder part of the year.

17. Prevailing winds carry the warmed air away from their heat sources. Consequently, 
locations downwind of [(land)(water)] will experience generally warmer winter climates.



Figure 1.
Mean Monthly Temperature Curves for Lincoln, NE and Eureka, CA.

Examples of the annual swings of surface air temperature at maritime and continental locations are 
shown in Figure 1. The graph depicts mean (average) monthly temperature curves at two 

midlatitude locations, land-locked Lincoln, NE (Latitude 41o N) and coastal Eureka, CA (Latitude 

41o N).

18. Compare the Lincoln and Eureka monthly mean temperature curves. The Eureka curve displays 
a [(greater)(lesser)] range (difference between highest and lowest) in monthly mean 
temperature than Lincoln.

19. Eureka’s temperature peaks about one month [(earlier)(later)] than Lincoln. Eureka has an 
annual temperature curve typical of a maritime (downwind of an ocean or large lake) locality, 
whereas Lincoln exhibits an annual temperature curve that is characteristic of a continental 
(surrounded mostly by land) location.

20. This lowered warm season temperature and higher cold season temperature at coastal Eureka 
versus continental Lincoln [(is)(is not)] consistent with the heat storage behavior of water and 
land materials as shown by the data in Tables 1 and 2 above.

Summary: Water’s high specific heat relative to other Earth materials is one of the principal 
reasons why the ocean and large lakes absorb huge quantities of energy delivered by the Sun 
compared to land at the same latitude. The differences in the amounts of heat energy absorbed, 
stored, and later released to the atmosphere by land and water have important implications for 
weather and climate. Air temperature is regulated to a considerable extent by the temperature of the 



surface which, in turn, is impacted by the amount of energy stored below the surface. Expansive land 
areas, with relatively little stored energy, produce continental climates with greater contrasts 
between average winter and summer temperatures. The maritime climates of places downwind of 
water bodies with greater amounts of stored energy experience much less contrast between average 
winter and summer
temperatures.
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