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Part 1

Chapter 3 - Solar radiation and the
global energy budget

1 Solar Radiation

1.1

1.2

1.3

Source of Energy

The sun is the primary source of energy for Earth’s atmosphere.

It continually emits electromagnetic energy and high-energy particles into space by
shedding part of its mass.

Contribution to Earth’s Energy

Solar radiation accounts for nearly all the energy available to Earth.

A minor contribution comes from the radioactive decay of Earth’s minerals.

Factors Affecting Energy Received at the Atmosphere’s Top

. Solar Output:

« Variations in the energy emitted by the sun impact the amount received by Earth.
Sun—Earth Distance:

o The Earth’s elliptical orbit causes changes in the distance, influencing energy
reception.

Altitude of the Sun:
o The sun’s angle in the sky alters the intensity and distribution of received energy.
Day Length:

o Longer days increase the duration of solar exposure, affecting total energy re-
ceived.

2 Solar Output

2.1

Overview

o The sun produces energy through nuclear reactions in its core, where the temperature

reaches 16 million Kelvin (K).



2.2

2.3

2.4

2.5

Energy is transmitted from the sun’s core to its surface through radiation and hy-
drogen convection.

Layers of the Sun

. Core: The source of solar energy through nuclear reactions.

. Photosphere: The "cool” outer layer of the sun at about 6000 K, where visible light

originates.
Chromosphere: A higher layer with temperatures around 10,000 K.

Corona: The outermost layer, with temperatures exceeding 1 million K, which
expands into space as the solar wind.

Solar Wind

What it is: A stream of hot gases (plasma) flowing out from the corona at speeds of
1.5 million kilometers per hour.

Interaction with Earth: The solar wind interacts with Earth’s magnetic field and
upper atmosphere, influencing phenomena like auroras.

Solar Energy Characteristics

The sun acts as a black body, meaning it absorbs all energy and emits it at the
maximum possible rate for its temperature.

The total solar energy emitted into space is 3.84 x 10* watts (W), but only a tiny
fraction reaches Earth.

Solar Radiation on Earth

The energy received at the top of Earth’s atmosphere is called the solar constant
(~1366 W /m?).

The distribution of solar radiation:

— 7% Ultraviolet (UV) (short wavelength: 0.2-0.4 pm)
— 41% Visible Light (0.4-0.7 um)
— 52% Near-Infrared (IR) (>0.7 pum)



2.6 Key Laws Governing Solar Radiation

1. Planck’s Law: Describes energy emitted at each wavelength by a black body.

2. Stefan-Boltzmann Law: Total energy emitted increases with the fourth power of
the temperature.

e Formula: F = oT*

o o: Stefan-Boltzmann constant (5.67 x 107 W /m?/K*).

3. Wien’s Law: The wavelength of maximum emission (Apax) is inversely related to the
temperature.

e Formula: \.x = @ pam

2.7 Variations in Solar Output

e Sunspot Cycles:

— Sunspots are cooler, darker areas on the sun’s surface, surrounded by brighter
regions called faculae.

— Solar output varies with sunspot cycles (average cycle length: 11 years).

— Maximum sunspot activity correlates with increased solar radiation; minimum
activity correlates with reduced radiation.

« Historical Impact:

— During periods of low sunspot activity (e.g., Maunder Minimum, AD
1645—-1715), global cooling occurred.

— Increased sunspot activity has been linked to warming periods.

2.8 Importance of Solar Variability

o Fluctuations in solar radiation can influence Earth’s climate over long timescales.

o Changes in the solar constant (e.g., +0.1%) have minimal effects on global tempera-
tures (<0.06°C), but may still contribute to observed climate variations.

3 Distance from the Sun

3.1 Earth’s Distance from the Sun

o The Earth’s orbit around the Sun is elliptical, causing changes in its distance through-
out the year.

» Perihelion (closest to the Sun): Occurs around 3 January.

« Aphelion (farthest from the Sun): Occurs around 4 July.

8



3.2

3.3

3.4

3.5

3.6

Solar energy received on a surface perpendicular to the Sun’s rays is about 7% greater
at perihelion than at aphelion.

Theoretical Impact on Temperature

Without atmospheric or surface effects, this variation would increase January global
temperatures by about 4°C compared to July.

This would theoretically cause:

— Warmer northern winters compared to southern hemisphere winters.

— Warmer southern summers compared to northern hemisphere summers.

Practical Outcomes

Atmospheric heat circulation and the effects of land and sea masses (continentality)
alter these theoretical patterns.

As a result, the seasonal temperature contrast between hemispheres is reversed.

Seasonal Lengths

The northern summer (21 March to 22 September) is five days longer than the
southern summer (22 September to 21 March).

This difference changes over millennia due to orbital shifts.

Historical and Future Variations

10,000 years ago:

— Aphelion occurred during northern hemisphere winters, leading to 3—4% more
solar radiation during northern summers.

A similar pattern will return in 10,000 years.

Seasonal Energy Variations

Energy receipt varies with latitude and season.
The intensity of radiation on a horizontal surface outside the atmosphere depends on:

— The solar constant (Ip).

— The angle (d) between the surface and the solar beam.

Formula: I, = Iysind.



3.7 Illustrations and Data

e Seasonal variations in energy with latitude are graphically represented in Figure 3.4.

o Table 3.1 provides actual radiation values for a horizontal surface outside the atmo-

sphere.

4 Distance from the Sun

4.1

4.2

4.3

Earth’s Distance from the Sun

The Earth’s orbit around the Sun is elliptical, causing variations in distance and solar
energy received throughout the year:

— Perihelion (closest point to the Sun): Around 3 January (147.3 million
km).

— Aphelion (farthest point from the Sun): Around 4 July (152.1 million km).

Solar energy received on a surface perpendicular to the Sun’s rays is about 7% greater
at perihelion compared to aphelion.

Impact on Global Temperatures

Without atmospheric interference or land-sea effects:

— January global temperatures would theoretically be 4°C higher than those
in July.

— Northern hemisphere winters would be warmer, and southern hemisphere sum-
mers would be hotter.

However, atmospheric circulation and the effects of continentality reverse this
pattern, masking the expected temperature differences.

Seasonal Differences

The northern hemisphere summer (21 March to 22 September) is five days
longer than the southern summer (22 September to 21 March).

This difference changes over millennia due to variations in the Earth’s orbit:

— 10,000 years ago, aphelion occurred during northern winters, resulting in 3—4%
more solar radiation during northern summers.

— A similar pattern will return in another 10,000 years.

10



4.4 Solar Energy Receipt and Latitude

e Solar energy received varies with latitude and season. The actual intensity on a hori-
zontal surface outside the atmosphere depends on:

— The solar constant (/).

— The angle (d) between the surface and the solar beam.

e Formula: I, = Iysind.

4.5 Visualization

o The following diagram illustrates:

— A: Present timing of perihelion and aphelion.
— B: Orbital configuration 11,000 years ago.

— C: Seasonal geometry of the Earth’s orbit for the northern hemisphere.

4.6 Sources

« Adapted from Strahler (1965).

5 Altitude of the Sun

5.1 What is the Altitude of the Sun?

o The altitude of the sun refers to the angle between the sun’s rays and a tangent
to the Earth’s surface at the point of observation.

5.2 Effects of Sun’s Altitude on Solar Radiation

« Higher Sun Altitude:

— Increases radiation intensity per unit area at the Earth’s surface as the rays
are more concentrated.

— Reduces the path length of the sun’s rays through the atmosphere, leading
to decreased atmospheric absorption and scattering.

e Lower Sun Altitude:

— Radiation intensity is less concentrated.

— A longer atmospheric path increases absorption and scattering.

11



5.3

5.4

5.5

5.6

Reflectivity Variations with Solar Altitude

The proportion of solar radiation reflected by the surface changes with solar alti-
tude:

— Water surfaces show significant variation in reflectivity depending on the angle
of the sun’s rays.

Principal Factors Influencing Sun’s Altitude

Latitude of the Site:

— Locations closer to the equator experience higher sun altitudes on average.
Time of Day:

— Sun altitude is highest at local solar noon.
Season:

— Sun altitude varies with the Earth’s position in its orbit around the Sun (e.g.,
solstices and equinoxes).

Examples of Solar Altitude Variations

June Solstice:

— The sun remains at a constant altitude of 23.5° at the North Pole throughout
the day.

— The sun is directly overhead at noon at the Tropic of Cancer (23.5°N latitude).
Daily and Seasonal Patterns:

— Latitude and seasonal changes influence the daily trajectory of the sun, affecting
the solar altitude at different times of the year.

Visual Representation

Solar altitude and its impact are linked to variations in latitude, time of day, and
seasons, as illustrated in Figure 3.3.

These variations result in different intensities of solar radiation across the globe.

6 Length of Day

6.1

Importance of Day Length on Solar Radiation

Day length determines how much sunlight a location receives, directly influencing
the total solar radiation.

12



e Longer daylight hours result in more radiation for a given area.

6.2 Variation in Day Length by Latitude

 Equator:
— Day length is consistent, around 12 hours throughout the year.
« Poles:

— Day length varies greatly:

* 0 hours (polar night) during winter.
* 24 hours (continuous daylight) during summer.

6.3 Solar Energy Receipt Patterns

o Polar Regions:

— Maximum solar radiation is received during their respective summer solstices,
owing to continuous daylight.

e Southern Hemisphere vs. Northern Hemisphere:

— The southern hemisphere receives slightly more radiation during the Decem-
ber solstice than the northern hemisphere does during the June solstice, due
to the Earth’s elliptical orbit.

6.4 Equatorial Radiation Patterns

« At the Equator:

— Solar radiation peaks twice annually during the equinoxes (March 21 and
September 22), as the Sun is directly overhead.

— Radiation minima occur during the solstices (June 21 and December 21), as the
Sun shifts between hemispheres.

6.5 Visual Representation

o The following diagram illustrates the seasonal and latitudinal variation in solar radia-
tion at the top of the atmosphere, assuming no atmospheric interference.

o It highlights:

— The consistent radiation at the equator.

— The dramatic variations in the polar regions during their respective summers due
to 24-hour daylight.
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6.6 Source

o Adapted from W. M. Davis.

7 Surface Receipt of Solar Radiation and Its Effects

7.1 Energy Transfer in the Earth—Atmosphere System

e Solar radiation reaching Farth’s surface is influenced by the atmosphere, which im-
pacts how energy is transferred.

7.2 Mechanisms of Heat Energy Transfer

1. Radiation:

« Definition: Transfer of energy (heat and light) via electromagnetic waves, with-
out requiring a material medium, at the speed of light (300 x 10° m/s).

o Atmospheric Effects:

— Absorption: Certain wavelengths are absorbed by atmospheric gases.
— Scattering:

x Rayleigh Scattering: Occurs with gas molecules smaller than the ra-
diation wavelength (\); more effective for shorter wavelengths (e.g., blue
light), creating the blue sky.

x Mie Scattering: Caused by particles similar in size to the wavelength,
leading to forward scattering and a greyish appearance in polluted air.

x Multiple Scattering: Happens within clouds or between clouds and
snow, resulting in white-out conditions where features and horizons
disappear.

2. Conduction:
o Definition: Heat transfer through a substance, moving from warmer to cooler
regions via molecular vibrations.
+ Key Points:

— Negligible in air (poor conductor).
— Significant in the ground:
*x Higher thermal conductivity in wet soils.
* Frozen soils conduct heat better than unfrozen soils.

3. Convection:

« Definition: Heat transfer in fluids (liquids or gases) via circulation and mixing
of warmer and cooler masses.

e Forms of Convection:

— Forced Convection: Occurs when eddies form due to airflow over uneven
surfaces.
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— Free Convection: Develops when surface heating causes rising air currents.
o Energy Transfer Forms:
(a) Sensible Heat:

— Definition: Heat transferred directly through rising and mixing of warm
air.

— Formula: ¢,T', where:
x T Temperature.
% ¢,: Specific heat of air at constant pressure (1004 J/kg/K).
(b) Latent Heat:

— Definition: Energy transfer involving phase changes (e.g., evaporation,
condensation) without a temperature change.

— Key Values:

Latent heat of vaporization (L) at 0°C: 2.50x10°¢ J /kg.

Formula: L = (2.5 — 0.002357"), where T is in °C.

Latent heat of fusion (melting ice at 0°C): 0.335x10° J /kg.

Latent heat of sublimation (ice to vapor at 0°C): 2.83x10° J/kg.

*

* % ¥

8 Effect of the Atmosphere

8.1 How Solar Radiation Interacts with the Atmosphere

o Most solar radiation is in the short-wavelength range (<4 m).
o The atmosphere affects solar radiation in three ways:

— Absorption:

x Ozone absorbs about 18% of incoming solar energy in three wavelength
bands:

0.20-0.31 pm, 0.31-0.35 pm, and 0.45-0.85 pm.
* Water Vapour absorbs in the range 0.9-2.1 ym.

— Reflection:

* About 30% of solar radiation is reflected back into space by clouds, the
atmosphere, and Earth’s surface.

8.2 The Earth’s Surface and Long-Wave Radiation

o The Earth absorbs about 70% of incoming solar energy, heating the surface and at-
mosphere.

o The surface re-radiates energy as long-wave infrared radiation (>3 m).

— Some long-wave energy is absorbed by water vapour, carbon dioxide, and
ozone.

— The remaining energy escapes through atmospheric windows (primarily be-
tween 8-13 m) back into space.
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8.3 Importance of Atmospheric Retention

o Without energy retention by the atmosphere, Earth’s surface temperature would drop
by about 40°C, making life unsustainable.

8.4 Scattering and Diffuse Radiation

e Scattering occurs when sunlight interacts with gases and aerosols, creating diffuse
radiation (indirect sunlight or sky light).

« Ratios of diffuse to total solar radiation:

— 0.15-0.20 under clear skies.

— 0.5 with average cloud cover.
e During an eclipse, diffuse radiation can drop drastically. For example:

— In August 1999, diffuse radiation in southern England dropped from 680 W /m?
to 14 W/m?2.

8.5 Latitude-Based Reflection and Absorption

o Figure 3.5 illustrates how solar radiation is reflected and absorbed across different
latitudes:

— 20% of incoming solar radiation is reflected by clouds.
— 8% is reflected by Earth’s surface.

— 48% is absorbed by Earth’s surface.

— 18% is absorbed by the atmosphere.

9 Effect of Cloud Cover

9.1 How Cloud Cover Affects Solar Radiation

e Thick and continuous cloud cover significantly reduces the amount of solar radiation
that reaches the Earth’s surface.

o A noticeable drop in surface temperature can be felt when clouds temporarily block
sunlight, highlighting our reliance on solar energy.

e Clouds reflect a portion of incoming solar radiation, and this reflective property is
measured as the albedo, or reflection coefficient.

e The albedo of clouds varies based on their type and thickness:

— Cirrostratus clouds: Albedo ranges between 44-50%.

— Cumulonimbus clouds: Albedo can reach up to 90% due to their density and
thickness.
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9.2

9.3

9.4

9.5

Formula for Solar Radiation on Cloudy Days

The total solar radiation received at the surface on a cloudy day can be calculated
using the following formula:

S =Selb+(1—b)(1—0)]

Where:

— Sp: Solar radiation under clear skies.
— ¢: Fraction of the sky covered by clouds.

— b: Coefficient determined by cloud type and thickness.

For typical conditions in the United States, b ~ 0.35, resulting in a simplified equation:

S =~ Sp[1 — 0.65¢]

This formula helps estimate how much solar energy reaches the surface depending on
cloud coverage.

How Clouds Retain Heat

During the daytime, clouds reduce the amount of heat received by reflecting sunlight
back into space.

At night, clouds act as insulators by trapping long-wave radiation that would otherwise
escape into space.

This dual role of clouds moderates the daily temperature range by lowering daytime
highs and increasing nighttime lows.

Clouds as Temporary Heat Storage

Clouds serve as temporary heat reservoirs by absorbing a portion of the solar energy
they intercept.

This process helps reduce temperature extremes by limiting heating during the day
and cooling during the night.

Global Cloud Cover Observations

Ground-Based Observations:

— Conducted at land-based stations and cover small areas of approximately 250
km?.

— Often report about 10% higher cloud cover than satellite observations due to
the observer’s perspective.

Satellite Observations:
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— Measure cloud cover over larger areas, ranging from 2,500 to 37,500 km?2, using
short-wave and infrared radiation techniques.

¢ Global Cloudiness:

— On average, global cloud cover is slightly over 60% in both January and July.

— The cloudiest regions include the Southern Ocean and the storm tracks of the
North Pacific and North Atlantic.

— The least cloudy regions are found over the Saharan-Arabian desert areas.

9.6 Visual Representations

o Figure 3.6:

— Demonstrates how cloud thickness influences the reflection, absorption, and trans-
mission of solar radiation.

— Reflection increases with cloud thickness, while transmission decreases signifi-
cantly.

o Figure 3.7:

— Shows how solar radiation is distributed with latitude, both at the top of the
atmosphere and at the Earth’s surface during the June solstice.

10 Effect of Latitude

10.1 Variations in Solar Radiation by Latitude

o Different parts of the Earth receive varying amounts of solar radiation depending on
latitude and the time of year.

o More solar radiation is received during summer than in winter because:

— The sun is at a higher altitude during summer.

— Daylight hours are longer in summer compared to winter.

10.2 The Role of Latitude

» Latitude affects solar radiation by determining:

— The length of daylight hours.

— The angle of the sun’s rays and the distance they travel through the atmo-
sphere.

o Near the poles, the effect of the longer atmospheric path is minimal because:

— The low water vapour content of polar air limits tropospheric absorption of
solar radiation.

18



10.3 Solar Absorption in Polar Regions

e During the June solstice, the upper atmosphere above the North Pole receives a
significant amount of solar radiation.

o Only about 30% of this radiation is absorbed at the Earth’s surface, compared to
the global average of 48%.

o This lower absorption is caused by:

— High cloud cover over the Arctic during summer.

— The high reflectivity (albedo) of snow and ice surfaces.

10.4 Maximum Surface Temperatures and the Tropics

e The Earth’s maximum surface temperatures occur near the tropics rather than the
equator.

¢ Reasons for this include:

— At the equator, the sun passes quickly overhead during the spring and autumn
equinoxes, remaining nearly vertical for only 30 days.

— In the tropics (17.5°-23.5° latitude), the sun remains almost vertical for 86
consecutive days during the solstice.

— This prolonged exposure, combined with longer daylight hours, allows more
solar energy to accumulate, leading to higher temperatures.

10.5 Factors Influencing the Zone of Maximum Heating

e In the northern hemisphere, the zone of maximum heating shifts poleward due to:

— The effect of continentality, where land masses heat up more than oceans.

— Lower cloud cover in the subtropical high-pressure belts, allowing more sun-
light to reach the surface.

10.6 Global Patterns of Solar Radiation and Temperature

« Figures 3.9 and 3.10:

— Show the distribution of solar radiation and maximum temperatures.
— Highest solar radiation occurs near 23°IN and 10—-15°S.

— The mean thermal equator (zone of maximum temperature) is located near
5°N.

o Figures 3.11A and B:

— Illustrate how mean air temperatures broadly follow latitude when adjusted to
mean sea level.
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10.7 Conclusion

« Latitude significantly influences the distribution of solar radiation and temperature on
Earth.

o Factors such as seasonal variations, cloud cover, atmospheric interactions, and the
angle of the sun’s rays all contribute to these patterns.

11 Effect of Land and Sea

11.1 Differences in Heat Absorption and Release

o Land and sea respond differently to incoming solar radiation.

o Land heats up quickly and releases the heat back into the atmosphere almost imme-
diately.

o Water stores heat for longer periods, leading to slower and more gradual temperature
changes.

11.2 Reflection of Solar Radiation (Albedo)

o A significant portion of incoming solar radiation is reflected back into the atmosphere.
The amount reflected depends on the surface type, described by its albedo:
— Sea Surfaces:

* Reflect very little radiation unless the sun’s rays strike at a steep angle.

* When the sun’s rays are high in the sky (elevation angle exceeds 60°), the
albedo is only 2—3%.

x At lower angles (15°), the albedo increases to over 50%.
— Land Surfaces:

x Albedo values range between 8% and 40%, depending on the surface:
Forests reflect 9-18%, depending on tree type and foliage density.
Grasslands reflect about 25%.

Urban areas reflect between 14-18%.
Desert sands reflect around 30%.

— Snow:

* Fresh snow reflects up to 90% of solar radiation.
* Snow covering vegetated areas reflects less, ranging between 30-50%.

11.3 Seasonal and Global Albedo Effects

e During winter and spring, snow cover over northern continents reflects much of the
incoming radiation, reducing surface absorption.
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o The global distribution of annual average albedo is influenced by snow and ice:

— Arctic sea ice and the Antarctic ice sheet contribute significantly to global
surface albedo, as shown in Figure 3.13A.

— Planetary albedo, which includes both atmospheric and surface reflectivity, is
shown in Figure 3.13B.

11.4 Absorption of Solar Radiation

e The amount of solar energy absorbed depends on the incoming radiation and the
albedo:

— The formula for absorbed solar radiation is:
S(100 — a)

Where:

* S: Incoming solar radiation.

x a: Albedo as a percentage.
— Snow-covered areas absorb only about 15% of incoming solar radiation.

— Seawater absorbs over 90% of the radiation due to its transparency and capacity
to store heat.

11.5 Heat Absorption and Distribution in Water

e The sea absorbs and distributes heat through:

— Transparency: Approximately 20% of incoming solar radiation penetrates as
far as 9 meters (30 feet) below the surface.

— Turbulent Mixing: Waves and currents transport heat to deeper layers.

e Seasonal thermoclines develop due to surface heating, vertical mixing, and conduction,
as illustrated in Figure 3.15.

11.6 Heat Transmission in Land and Sea

« Land:

— Heat transmission occurs primarily through conduction.

— The efficiency of conduction depends on the moisture content and porosity of
the soil.

e Sea:

— Heat penetrates deeper into the sea due to transparency and mixing by waves
and currents.

« Comparison:
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— Figure 3.16 compares subsurface land temperatures at Kaliningrad with sea
temperature variations at different depths in the Bay of Biscay, highlighting
the differences in heat storage and release.

11.7 Conclusion

o Land and sea exhibit contrasting behaviors in their absorption and retention of solar
radiation.

o Land surfaces heat and cool quickly, while water absorbs and stores heat more effec-
tively, distributing it to deeper layers through mixing processes.

o These differences play a significant role in shaping global climate patterns and tem-
perature distributions.

12 Heat Transmission in Land and Sea

12.1 Poor Heat Conduction in Air

e Air is a poor conductor of heat, which impacts how soil surfaces respond to solar
radiation.

» Dry soils, such as sandy surfaces, heat up quickly during the day because heat is not
conducted away from the surface.

o Wet soils have higher conductivity due to moisture in the pores, but the increased
heat capacity of wet soil reduces its temperature response.

12.2 Temperature Variation in Different Soils

e The depth of temperature variations depends on soil moisture:

— Diurnal temperature variation:

x Wet soil: Effective up to 0.5 m.
* Dry sand: Effective up to 0.2 m.

— Annual temperature variation:

« Wet soil: Effective up to 9 m.
« Dry sand: Effective up to 3 m.

o Different soil types exhibit varying diurnal temperature ranges during summer:

— Surface temperatures:
x Sand: 40°C.
*x Loam: 33°C.
x Peat: 23°C.
x Clay: 21°C.
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— At 15 cm depth:

Sand: 7°C.
Loam: 6°C.
Peat: 2°C.
Clay: 4°C.

*

*

*

*

12.3 Specific Heat and Heat Capacity

« The specific heat (¢) measures the energy needed to raise the temperature of a
material by 1°C"

— Water: 4184 J /kg/K.
— Dry sand: 840J/kg/K.

« The heat capacity (pc), which accounts for density, is much higher for water:

— Water: pc = 4.18x100J/m’/K.
— Dry sand: pc ~ 1.3-1.6x10° J/mg/K.

o Water can absorb significantly more heat than dry soil, making it a more effective
thermal reservoir.

12.4 Heat Storage in Oceans

e Oceans store and distribute heat through:

— Transparency: About 20% of incoming solar radiation penetrates up to 9 me-
ters (30 feet).

— Turbulent Mixing: Waves and currents mix heat vertically across layers.

e Seasonal thermoclines develop due to surface heating, vertical mixing, and conduction,
as shown in Figure 3.15.

12.5 Heat Transmission in Land and Sea

o Heat transmission occurs differently in land and sea:
— In land, heat is transmitted primarily through conduction, which depends on
soil moisture and porosity.
— In sea, heat is distributed vertically through mixing, allowing penetration into

deeper layers.

o Figure 3.16 compares temperature variations in soil at Kaliningrad with sea tem-
perature variations in the Bay of Biscay, demonstrating the deeper penetration of
heat in water compared to land.
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12.6 Seasonal and Regional Effects of Continentality

o Land heats and cools faster than oceans, leading to the phenomenon of continentality:

— Over land, the lag between maximum or minimum radiation and surface temper-
ature is about 1 month.

— Over oceans, this lag increases to 2 months due to heat storage.

e In the Northern Hemisphere, smaller ocean areas lead to warmer summers and
colder winters compared to the Southern Hemisphere.

e Ocean currents, such as the Gulf Stream, influence regional temperature anomalies.

12.7 Visual Representations

o Figure 3.14: Illustrates how solar radiation penetrates the sea to different depths,
showing absorption and thermocline effects.

o Figure 3.15: Depicts monthly temperature variations in the upper 100 meters of the
eastern North Pacific, highlighting seasonal thermocline development.

e Figure 3.16: Compares annual temperature variations in soil and sea, demonstrating
the greater heat penetration in water.

12.8 Conclusion

o Land and sea differ significantly in how they absorb, store, and release heat.

o Land heats and cools quickly, while oceans store heat more effectively and distribute
it across layers through vertical mixing.

o These differences influence global temperature patterns and contribute to the phe-
nomenon of continentality:.

13 Effect of Elevation and Aspect on Solar Radiation

13.1 Elevation and Solar Radiation

« High elevations receive significantly more solar radiation than lower altitudes due
to:

— The smaller mass of air above them.

— The lower concentration of water vapour in the upper atmosphere.

o In middle latitudes, the intensity of solar radiation increases by 5-15% for every
1000 meters of elevation gain.

o For example:
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— In the Alps, the difference in solar radiation between sites at 200 m and 3000
m can be as much as 70 W /m? on clear summer days.

o Higher elevations also experience greater losses of terrestrial radiation because:

— Lower air density results in less absorption of outgoing radiation.

— Greater cloudiness in mountain ranges adds complexity, making generalizations

difficult.

13.2 Aspect and Slope Angle

» Aspect (the direction a surface faces) and slope angle significantly affect the amount
of solar radiation received.

e North-facing slopes:

— Receive less solar radiation, especially at higher latitudes.

— Experience relatively greater radiation losses compared to south-facing slopes.
e South-facing slopes:

— Receive more direct solar radiation, leading to higher insolation.

— Are often preferred for settlement and agriculture, as seen in many Alpine valleys.

13.3 Radiation Intensity on Sloping Surfaces
» The intensity of solar radiation on a sloping surface (Iy) is calculated using the formula:
I, =1,cos1
Where:

— I,: Intensity of the incoming solar beam.

— i: Angle between the solar beam and a line perpendicular to the sloping surface.

13.4 Relief Effects on Insolation

o Mountain barriers reduce the duration of direct sunlight in valleys:
— Sunlight may be blocked from valley floors and sides at certain times of the day:.
o This creates differences in land use:

— South-facing slopes (adret):
* Receive more sunlight and are often cultivated or settled.
— North-facing slopes (ubac):

* Receive less sunlight and tend to remain forested or less developed.
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13.5 Visual Representations

o Figure 3.19: Illustrates the effect of elevation on solar radiation intensity in the lower
troposphere, emphasizing the role of water vapour concentration.

o Figure 3.20: Demonstrates how aspect and slope angle influence theoretical maximum
solar radiation at two northern hemisphere locations:

— Highlights the greater radiation loss for north-facing slopes at higher latitudes.

13.6 Conclusion

« Elevation and aspect strongly influence solar radiation receipt.

» High elevations receive more solar radiation but also lose more terrestrial radiation due
to thinner air.

o South-facing slopes generally receive more sunlight, making them better suited for
agriculture and settlement than north-facing slopes.

14 Variation of Free-Air Temperature with Height

14.1 Overview of Vertical Temperature Gradients

o The vertical temperature gradient in the lower troposphere is influenced by:

— Energy transfers, including:

* Release of latent heat during condensation.
*x Radiative cooling of the air.
* Sensible heat transfer from the ground to the atmosphere.

— Horizontal temperature advection from moving cold and warm air masses.

— The type of pressure system, which controls vertical air movement.

14.2 Effects of Pressure Systems on Temperature Gradients

« High-pressure systems:

— Associated with descending air that warms as it compresses.

— This warming reduces the vertical temperature gradient and often leads to tem-
perature inversions.

o Low-pressure systems:

— Associated with rising air that cools as it expands.

— This cooling increases the vertical temperature gradient, resulting in steeper tem-
perature decreases with height.
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14.3 The Tropospheric Lapse Rate

o The lapse rate represents the rate of temperature decrease with height in the tropo-
sphere.

o On average, the lapse rate is about 6.5°C per kilometer, but it varies with:

— Altitude:

* Near the surface (0-2 km): 5°C per km.
* Between 4-5 km: 6°C per km.
* Between 6-8 km: 7°C per km.

— Season:

+ Winter:

Lapse rates are smaller and may even become negative (temperature
increases with height).

This occurs in regions like central Canada and eastern Siberia due to
radiational cooling over snow.

* Summer:
Lapse rates are steeper due to surface heating and rising air.

14.4 Temperature Inversions

e What Are Inversions?

— Inversions occur when temperature increases with height, reversing the normal
gradient.

o Causes of Temperature Inversions:

— Radiational cooling on calm, clear nights, especially over snow-covered areas.

— Cold air pooling in valleys, leaving mountain summits warmer than the valley
floors.

« Polar Regions:

— Arctic and Antarctic regions frequently experience surface temperature inversions.
— Winter:

« Caused by intense radiational cooling.
— Summer:

x Result of surface cooling of advected warmer air.

14.5 Regional and Topographic Variations

¢ Observations in Colorado:

— Pike’s Peak (4301 m) and Colorado Springs (1859 m):

* Lapse rate is 4.1°C per km in winter and 6.2°C per km in summer.
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e Desert Regions:

— Steep lapse rates occur in summer due to intense surface heating and rising air.

— In winter, high-pressure systems cause subsidence, leading to reduced lapse rates.
e Subtropical Oceans:

— Sinking air creates a subsidence inversion near the surface, warming the lower
atmosphere.

14.6 Free-Air vs. Topographic Lapse Rates

o Free-air lapse rates are measured in undisturbed atmospheric layers.
« Topographic lapse rates are influenced by terrain and local conditions.

e The two must be distinguished, as topographic lapse rates may differ significantly
under nocturnal radiation conditions.

14.7 Conclusion

o Vertical temperature gradients vary depending on energy transfers, vertical motion,
and regional factors.

o High-pressure systems reduce gradients and can create inversions, while low-pressure
systems steepen gradients.

o Seasonal and geographic influences, such as polar cooling or desert heating, further
shape temperature patterns with height.

15 Terrestrial Infra-Red Radiation and the Green-
house Effect

15.1 Differences Between Solar and Terrestrial Radiation

e The Earth receives short-wave solar radiation and emits long-wave infra-red
radiation.

o The infra-red radiation emitted by the Earth’s surface is slightly less than that of a
perfect black body due to the emissivity coefficient (¢), typically ranging from 0.90
to 0.95:

F=eoT?
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15.2 The Greenhouse Effect

e The atmosphere absorbs most of the Earth’s infra-red radiation due to the presence
of:
— Water vapour (H O).
— Carbon dioxide (CO ).
— Methane (CH ).
— Nitrous oxide (N O).

Tropospheric ozone (O ).

o The atmospheric window (wavelengths between 8.5—-13.0 m) allows some infra-red
radiation to escape into space.

o The greenhouse effect occurs because:

— The atmosphere is transparent to incoming short-wave solar radiation.

— The atmosphere is opaque to outgoing long-wave infra-red radiation.

15.3 Contributions of Greenhouse Gases

o Different greenhouse gases contribute to global warming by trapping infra-red radia-
tion:

— Water vapour (H O): Largest contributor with absorption bands between
6.3-8.0 m and above 15 m.
— Carbon dioxide (CO ):

« Doubling its concentration would cause a temperature increase of 3.0 = 1.5
K.

« Radiative effects increase logarithmically with concentration.
Methane (CH ) and Nitrous oxide (N O):

* These trace gases have much higher global warming potentials (GWPs)
than CO .

Chlorofluoromethanes (CFCs):

* Despite lower concentrations, they have extremely high GWPs.

o Table 3.3 summarizes the key characteristics of greenhouse gases:

15.4 The Role of Ozone

e Stratospheric ozone absorbs both:

— Incoming ultraviolet (UV) radiation.

— Outgoing long-wave infra-red radiation.

e The thermal effect of ozone depends on its altitude:
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— Above 30 km: Ozone absorbs more short-wave radiation, causing a net cooling
effect.

— Below 25 km: Ozone absorbs more long-wave radiation, causing a net warming
effect.

15.5 The Role of Clouds in Radiation

e Clouds influence radiation by acting as black bodies, emitting infra-red radiation
back to Earth.

o They reduce absorbed solar radiation by 50 W /m?, while reducing emitted infra-red
radiation by only 30 W /m?.

» The global net radiative loss due to cloud cover is 20 W /m?2.
o Effects by latitude:

— Low latitudes: Cloud albedo causes radiative losses of up to —50 to —100
W/m?2

— High latitudes: Radiative effects balance, with some clouds contributing to
slight warming.

15.6 Measurements and Implications

« Satellite observations provide global averages:

— Cloud-free conditions:

* Absorbed solar radiation: 285 W /m?2.
* Emitted terrestrial radiation: 265 W /m?2.

— Including cloud-covered areas:
* Absorbed and emitted radiation are both 235 W /m?2.

o Cloud radiative forcing is approximately four times greater than the expected ra-
diative forcing from doubling CO levels.

15.7 Conclusion

o The greenhouse effect is driven by the atmosphere’s ability to trap infra-red radiation
while allowing solar radiation to pass through.

o Water vapour and carbon dioxide are the dominant contributors, with significant im-
pacts from methane, nitrous oxide, and CFCs.

o Clouds play a dual role by reducing absorbed solar radiation and modulating infra-red
emissions, influencing Earth’s energy balance differently by latitude.
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Figure 3.3 Perihelion shifts. (&) The present timing of perihelion. (B) The direction of its shift and the situation at | 1,000 years Bp.
{C) The geometry of the present seasons (northern hemisphere).

Source: Partly after Strahler {1965).

Figure 1: Perihelion Shifts and Seasonal Geometry. (A) Present timing of perihelion. (B)
Orbital configuration 11,000 years ago. (C) Geometry of the Earth’s seasons (northern
hemisphere).
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90N " solstice

Figure 3.4 The vanations of solar radiation with latitude and
season for the whole globe, assuming no atmosphere. This
assumption explains the abnormally high amounts of radiation

received at the poles in summer, when daylight lasts for twenty-
four hours each day.

Source: After W. M. Dawis.

Figure 2: Variations in Solar Radiation with Latitude and Season. The poles receive abnor-
mally high radiation in summer due to continuous daylight.
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Figure 3.5 The average annual latitudinal disposttion of solar
radiation in W m~=. Of 100 per cent radiation entering the top of
the atmosphere, about 20 per cent is reflected back to space by
clouds, 3 per cent by air (plus dust and water vapour), and 8 per

cent by the earth's surface. Three per cent is absorbed by clouds,
| 8 per cent by the air, and 48 per cent by the earth.

Source: After Sellers (| 965).

Figure 3: Latitudinal Disposition of Solar Radiation. Of the total incoming solar radiation,
a percentage is absorbed and reflected by the atmosphere, clouds, and Earth’s surface.
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Table 3.3 Influence of greenhouse gases on atmospheric temperature.

Gas Centres of Temperature increase Global warming potential
main absorption (K) for X2 present on d weight basis
bands (um) concentration (kg of air)t

Water vapour (H,0) 6.3-8.0, =15
(8.3-12.5)

Carbon dioxide (CO,) (5.2), (10), 14.7 30+ 15 I

Methane (CH,) 6.52, 7.66 0.3-0.4 I

Ozone (O,) 4.7,9.6,(14.3) 0.9

Nitrous oxide (N,O) 7.78, 856, 17.0 0.3 270

Chlorofluarormethanes

(CFCL) 4.66,922,11.826 0.1 3400
(CRAL) 8.68,9.13, 10.93 7100

Metes: " Important in moist atmospheres.
t Refers to direct annual radiative fordng for the surface-troposphere system.

Sources: After Camnpbell; Ramanathan; Lashof and Ahuja; Luther and Ellingson; IPCC (1992),

Figure 5: Influence of greenhouse gases on atmospheric temperature.
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