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9.1 Turbulence 377

Turbulence kinetic energy (TKE) is not conserved.
It is continually dissipated into internal energy by
molecular viscosity. This dissipation usually happens
at only the smallest size (1 mm diameter) eddies, but

it affects all turbulent scales because of the turbulent
cascade of energy from larger to smaller scales. For
turbulence to exist, there must be continual genera-
tion of turbulence from shear or buoyancy (usually
into the larger scale eddies) to offset the transfer of
kinetic energy down the spectrum of ever-smaller
eddy sizes toward eventual dissipation. But why does
nature produce turbulence?

(b)

(a)

Fig. 9.2 Karman vortex streets in (a) the laboratory, for
water flowing past a cylinder [From M. Van Dyke, An Album of
Fluid Motion, Parabolic Press, Stanford, Calif. (1982) p. 56.],
and (b) in the atmosphere, for a cumulus-topped boundary
layer flowing past an island [NASA MODIS imagery].

Fig. 9.3 Water tank experiments of a jet of water (white) flow-
ing into a tank of clear, still water (black), showing the break-
down of laminar flow into turbulence. [Photograph by Robert
Drubka and Hassan Nagib. From M. Van Dyke, An Album of Fluid
Motion, Parabolic Press, Stanford, CA. (1982), p. 60.]

Fig. 9.4 Cumulus clouds fill the tops of (invisible) thermals
of warm rising air. [Photograph courtesy of Art Rangno.]
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Fig. 9.5 The spectrum of turbulence kinetic energy. By anal-
ogy with Fig. 4.2, the total turbulence kinetic energy (TKE) is
given by the area under the curve. Production of TKE is at the
large scales (analogous to the longer wavelengths in the elec-
tromagnetic spectrum, as indicated by the colors). TKE cas-
cades through medium-size eddies to be dissipated by
molecular viscosity at the small-eddy scale. [Courtesy of
Roland B. Stull.]
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378 The Atmospheric Boundary Layer

Turbulence is a natural response to instabilities in
the flow—a response that tends to reduce the insta-
bility. This behavior is analogous to LeChatelier’s
principle in chemistry. For example, on a sunny day
the warm ground heats the bottom layers of air, mak-
ing the air statically unstable. The flow reacts to this
instability by creating thermal circulations, which
move warm air up and cold air down until a new
equilibrium is reached. Once this convective adjust-
ment has occurred, the flow is statically neutral and
turbulence ceases. The reason why turbulence can
persist on sunny days is because of continual destabi-
lization by external forcings (i.e., heating of the
ground by the sun), which offsets continual stabiliza-
tion by turbulence.

Similar responses are observed for forced turbu-
lence. Vertical shear in the horizontal wind is a
dynamic instability that generates turbulence. This
turbulence mixes the faster and slower moving air,
making the winds more uniform in speed and direc-
tion. Once turbulent mixing has reduced the shear,
then turbulence ceases. As in the case of convection,
persistent mechanical turbulence is possible in the
atmosphere only if there is continual destabilization
by external forcings, such as by the larger scale
weather patterns.

Although the human eye and brain can identify
eddies via pattern recognition, the short life span of
individual eddies renders them difficult to describe
quantitatively. The equations of thermodynamics
and dynamics described in Chapters 3 and 7 of
this book can be brought to bear on this problem,
but the result is an ability to deterministically simu-
late and predict the behavior of each eddy for
only exceptionally short durations. The larger diam-
eter thermals can be predicted out to about 15 min
to half an hour, but beyond that the predictive
skill approaches zero. For smaller eddies of order
100 m, the forecast skill diminishes after only a
minute or so. The smallest eddies of order 1 cm to
1 mm can be predicted out to only a few seconds.
This inability to deterministically forecast turbu-
lence out to useful periods of days is a result of
the highly non-linear nature of turbulent fluid
dynamics.

Despite the difficulties of deterministic descrip-
tions of turbulence, scientists have been able to cre-
ate a statistical description of turbulence. The goal
of this approach is to describe the net effect of
many eddies, rather than the exact behavior of any
individual eddy.

9.1.2 Statistical Description of Turbulence

When fast-response velocity and temperature sensors
are inserted into turbulent flow, the net effect of the
superposition of many eddies of all sizes blowing past
the sensor are temperature and velocity signals that
appear to fluctuate randomly with time (Fig. 9.6).
However, close examination of such a trace reveals
that for any half-hour period, there is a well-defined
mean temperature and velocity; the range of temper-
ature and velocity fluctuations measured is bounded
(i.e., no infinite values); and a statistically robust stan-
dard deviation of the signal about the mean can be
calculated. That is to say, the turbulence is not com-
pletely random; it is quasi-random.

Suppose that the velocity components (u, v, w) are
sampled at regular time intervals �t and then digitized
and recorded on a computer to form a time series

(9.1)

where i is the index of the data point (corresponding to
time t � i�t) for i � 1 to N in a time series of duration
T � N � �t. The u-component of the mean wind ,u

ui � u (i � �t)
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Fig. 9.6 Simultaneous time series of temperature (°C) at
four heights above the ground showing the transition from the
surface layer (bottom 5–10% of the mixed layer) toward the
mixed layer boundary layer (upper levels of the boundary layer).
Observations were taken over flat, plowed ground on a clear
day with moderate winds. The top three temperature sensors
were aligned in the vertical; the 0.5 m sensor was located 50 m
away from the others. [Courtesy of J. E. Tillman.]
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9.2 The Surface Energy Balance 389

the nonlinearity inherent in the Clausius-Clapeyron
equation, the Bowen ratio over the oceans decreases
with increasing sea surface temperature. Typical values
range from around 1.0 � 0.5 along the ice edge to less
than 0.1 over the tropical oceans where latent heat
fluxes dominate due to the warmth of the sea surface.
Over land, the evaporation rate, and therefore the
Bowen ratio, depends on the availability of water in
the soil and on the makeup of the vegetation that
transports water from the soil via osmosis. Plants
release water vapor into the air via transpiration
through the open stomata (pores) of leaves. Thus, the
Bowen ratio ranges from about 0.1 over tropical
oceans, through 0.2 over irrigated crops, 0.5 over grass-
land, 5.0 over semiarid regions, and 10 over deserts.

For momentum, the bulk aerodynamic approach
gives a drag law

(9.19c)

where CD is the dimensionless drag coefficient, rang-
ing in magnitude from 10�3 over smooth surfaces to
2 � 10�2 over rough ones (Table 9.2), and is the
magnitude of momentum flux lost downward into
the ground. CD is affected not only by skin friction
(viscous drag), but also by form drag (pressure gra-
dients upwind and downwind of obstacles such as
trees, buildings, and mountains) and by mountain-
wave drag. Hence, CD can be larger than CH. The
drag coefficient CD varies with stability relative to
its neutral value in the same manner as CH;
namely, CD for unstable boundary layers, and
CD for stable boundary layers.CD

N

CD
N

CD
N

u2
*

u2
* � CD � V �2

Over oceans, an increase in the wind speed leads to
an increase in the wave height, which also increases
the drag (see Box 9.1). Figure 9.13 shows how the
bulk transfer coefficients for momentum, heat, and
humidity vary with wind speed measured at height
z � 10 m over the oceans. For wind speeds larger
than 5 m s�1, heat and moisture transfer coefficients
gradually decrease with increasing wind speed,
whereas the drag coefficient CD increases. For wind
speeds much less than 5 m s�1 the bulk formulae are
inapplicable, because the vertical turbulent transport
between the surface and the air depends more on
convective thermals than on wind speed.
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Fig. 9.13 Variation of bulk transfer coefficients for drag
(CD), heat (CH), and moisture (CE) with wind speed over
the ocean. [Adapted from an unpublished manuscript by
M. A. Bourassa and J. Wu (1996).]

A surface wind gust passing over a water surface
produces a discernible patch of tiny capillary waves
with crests aligned perpendicular to the surface
wind vector. Since capillary waves are short lived,
their distribution at any given time reflects the cur-
rent distribution of surface wind. Remote sensing
of capillary waves by satellite-borne instruments,
called scatterometers, provides a basis for monitor-
ing surface winds over the oceans on a global basis.

When forced by surface winds over periods rang-
ing from hours to days, waves with different wave-
lengths and orientations interact with each other to
produce a continuous spectrum of ocean waves

extending out to wavelengths of hundreds of
meters. The stronger and more sustained the winds,
the larger the amplitude of the longer wavelengths.
Wind waves with the shorter wavelengths tend to
propagate in the same direction as the winds. In
contrast, the faster propagating long wavelengths
tend to radiate outward from regions of strong
winds to become swells and may thus provide the
first sign of an approaching storm. The incidence of
wave breaking increases with wind speed. At
speeds in excess of 50 m s�1, wave breaking
becomes so intense and extensive that the air-sea
interface becomes diffuse and difficult to define.

9.1 Winds and Sea State
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9.3 Vertical Structure 391

surface is anomalously warm or cold relative to the
mean temperature at that latitude (Fig. 2.11). The net
flux is upward over the warm waters of the Gulf
Stream and the Kuroshio current and it is downward
over the regions of coastal and equatorial upwelling
where cold water is being brought to the surface.

9.3 Vertical Structure
This section considers the interplay between turbu-
lence and the vertical profiles of wind, temperature
and moisture within the boundary layer, drawing
heavily on the diurnal cycle over land as an example.

9.3.1 Temperature

Depending on the vertical temperature structure
within the boundary layer, turbulent mixing can be
suppressed or enhanced at different heights via
buoyant consumption or production of T . In fact, it is
ultimately the temperature profile that determines
the boundary-layer depth.

Recall that the troposphere is statically stable on
average, with a potential temperature gradient of
3.3 °C�km (Fig. 9.15). Solar heating of the ground
causes thermals to rise from the surface, generating
turbulence. Also, drag at the ground causes near-
surface winds to be slower than winds aloft, creating
wind shear that generates mechanical turbulence.
Turbulence generated by processes near the ground
mixes surface air of relatively low values of potential
temperature, with higher potential temperature air

from higher altitudes. The resulting mixture has an
intermediate potential temperature that is relatively
uniform with height (i.e., homogenized within the
boundary layer). More importantly, this low altitude
mixing has created a temperature jump between the
boundary-layer air and the warmer air aloft. This tem-
perature jump corresponds to the capping inversion.
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Fig. 9.15 Standard atmosphere (dashed line) in the tro-
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bulent mixing in the boundary layer (solid line). [Adapted
from  Meteorology for Scientists and Engineers, A Technical
Companion Book to C. Donald Ahrens’ Meteorology Today,
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Fig. 9.14 Annual-mean net upward energy flux at the Earth’s surface as estimated from Eq. (9.21) based on a reanalysis of
1958–2001 data by the European Centre for Medium Range Weather Forecasting. [Courtesy of Todd P. Mitchell.]
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9.3 Vertical Structure 395

ground, the winds become nearly calm because the
air is affected by drag at the ground, but is no longer
subject to turbulent mixing of stronger winds from
aloft because turbulence has diminished. Figure 9.18
shows the diurnal variation of wind speed at various
heights within an idealized boundary layer.

9.3.4 Day-to-Day and Regional Variations
in Boundary-Layer Structure

We have seen that over land the structure of the
boundary layer exhibits a pronounced diurnal cycle in
response to the alternating heating and cooling of the
underlying surface. Superimposed upon these diurnal
variations are day-to-day and longer timescale varia-
tions associated with changing weather patterns.
Examples include: the flow of cold air over a warmer
land surface following the passage of a cold front ren-
ders the bottom of the boundary layer more unstable;
cloud cover suppresses the diurnal temperature
range; and the passage of an anticyclone favors strong
nighttime inversions. Day-to-day variations in bound-

ary-layer structure are most pronounced during win-
ter, when the daytime insolation is relatively weak,
and during periods of unsettled weather.

Over the oceans, where the diurnal temperature
variations are much weaker than over land, the air
temperature is closer to being in equilibrium with the
underlying surface. With a few notable exceptions,8

air-sea temperature differences are limited to 1–2 °C.
The distribution of the fluxes of latent and sensible
heat at the air-sea interface is determined not by the
radiation budget, but by the orientation of the low-
level wind field relative to the isotherms of sea surface
temperature. Over most of the area of the oceans, the
flow is across the isotherms from colder toward
warmer water so that the air is colder than the under-
lying surface and boundary layer tends to be weakly
unstable, giving rise to a well-defined mixed layer sim-
ilar to the one in the daytime profiles in Fig. 9.16.

Large expanses of cold advection are evident in
the January climatological-mean chart shown in
Fig. 9.19. The most prominent of these are off the
coasts of Japan and the eastern United States, where

8 During wintertime cold air outbreaks, cold continental air flows over the warm waters of the Gulf Stream and Kuroshio currents, giv-
ing rise to locally strong fluxes of latent and sensible heat, as discussed in connection with Fig. 9.14.
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Fig. 9.18 Sketch of variation of wind speed (V) with local
time on a sunny day over land, as might be measured at dif-
ferent heights (2 m, 5 m, 10 m . . . . 2000 m) in the boundary
layer. Vg is the geostrophic wind. VBL is the mixed layer wind
speed, as also sketched in Fig. 9.16. [Adapted from Meteorology
for Scientists and Engineers, A Technical Companion Book to
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Fig. 9.19 Climatological-mean January latent plus sensible
heat fluxes leaving the surface. [Based on data from data by
the European Center for Medium Range Weather Forecasting
40-Year Reanalysis. Courtesy of Todd P. Mitchell.]
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9.5 Special Effects 405

Fig. 9.27 (Top) Visible satellite image of eastern North America and the western North Atlantic showing clouds and snow-
covered ground. The region near Lake Ontario outlined by the rectangle is shown in more detail in the bottom figure. Winds
are from the northwest, causing cloud streets over the Great Lakes and over the Atlantic Ocean. Water vapor picked up by
the air as it crossed Lake Ontario triggered a lake effect snowstorm downsteam over upper New York State. [NASA MODIS
imagery.]

At night when the mountain slopes are cooled by
longwave radiation, the chilled air sinks downslope
as a cold katabatic wind11 due to its negative
buoyancy. This flow is compensated by a return
circulation having weak rising air aloft over the
valley center. The chilled air that collects as a cold

pool in the valley floor is conducive to fog forma-
tion. Layers of less cooled air do not descend all the
way to the valley floor, but spread horizontally at
their level of neutral buoyancy, as indicated by the
pink arrows in Fig. 9.31. Both the anabatic and kata-
batic winds are called cross-valley circulations.

11 kata: from the Greek for downward.
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406 The Atmospheric Boundary Layer

Anabatic and katabatic flows are examples of
a broader class of diurnally varying thermally
driven circulations, which also include land and sea
breezes described in the next subsection.
Horizontal temperature gradients caused by differ-
ential solar heating or longwave cooling cause hori-
zontal pressure gradients, as described by the
hypsometric equation and the thermal wind effect.
For example, over sloping terrain during the after-
noon, a pressure gradient forms normal to the
slope, as illustrated in Fig. 9.32. This pressure-
gradient force induces an upslope (anabatic) flow
during daytime, while the increased density of
the air just above the surface at night induces a
downslope (katabatic) flow.

Fig. 9.29 The two dominant mechanisms for boundary-
layer air to pass the capping inversion and enter the free
atmosphere. [Courtesy of Roland B. Stull.]
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downslope) winds along the valley walls, and associated moun-
tain winds draining down the valley floor streambed. [Adapted
from R. B. Stull, An Introduction to Boundary Layer Meteorology,
Kluwer, Academic Publishers, Dordrecht, The Netherlands, 1988,
Fig. 14.5, p. 592, Copyright 1988 Kluwer Academic Publishers,
with kind permission of Springer Science and Business Media.]
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Fig. 9.28 Vertical slice through an idealized atmosphere
showing variations in the boundary layer depth zi in cyclonic
(low pressure) and anticyclonic (high pressure) weather condi-
tions. [Adapted from Meteorology for Scientists and Engineers, A
Technical Companion Book to C. Donald Ahrens’ Meteorology
Today, 2nd Ed., by Stull, p. 69. Copyright 2000. Reprinted with
permission of Brooks/Cole, a division of Thomon Learning:
www.thomsonrights.com. Fax 800-730-2215.]
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Along-valley winds also form due to these buoyant
forcings (Fig. 9.31). At night, the cold air that pools in a
valley follows the streambed downslope, causing cold
mountain winds to drain out of the mountain valleys
onto broader plains. During daytime, there is an up-
valley flow called the valley wind along the streambed.

There are times when the relatively weak, diurnally
dependent, thermally driven circulations discussed in
this subsection are over-shadowed by stronger winds
that evolve in accordance with the synoptic-scale
forcing. Strong synopic-scale pressure gradients in
mountainous regions are often attended by a number
of distinctive phenomena on smaller scales, including
gap winds (Section 8.2.4), mountain waves and lentic-
ular clouds, local accelerations of the wind over
mountain crests, blocking of low-altitude winds, lee-
side “cavity” circulations, rotor clouds, banner clouds,
wake turbulence, Karman vortex streets, downslope
wind storms, and hydraulic jumps (Fig. 9.33). Even
low hills can exert a surprisingly strong influence on
cloud patterns (Fig. 9.34) and precipitation amounts.

A nondimensional parameter that is widely used to
characterize the flow over mountains and to predict

the kinds of flow configurations that might occur is
the Froude12 number

(9.33)Fr �
V

NS

Afternoon

Nighttime

Fig. 9.32 Schematic showing how circulations develop in
response to land-sea heating contrasts and heating along slop-
ing terrain. Faded (darkened) blue shading indicates planetary
boundary temperatures higher (lower) than free air tempera-
tures at the same level. The contours show how pressure sur-
faces are distorted by the diurnally varying boundary layer
temperatures, and arrows indicate the upslope�downslope
accelerations induced by the horizontal temperature gradients.
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Fig. 9.33 Vertical cross-section sketches of some of the phe-
nomena observed in mountains during windy conditions.
[Adapted from R. B. Stull, An Introduction to Boundary Layer
Meteorology, Kluwer, Academic Publishers, Dordrecht, The
Netherlands, 1988, Fig. 14.4, p. 602, and Fig. 14.9, p. 608,
Copyright 1988 Kluwer Academic Publishers, with kind per-
mission of Springer Science and Business Media.]

12 William Froude (1810–1879) British hydrodynamicist, engineer, and naval architect who studied water resistance of scale-model
ships in towing tanks under contract to the British Navy. Developed an understanding of skin roughness drag versus wave drag and studied
ship stability to improve safety and efficiency. Developed the Froude number ratio of inertial to buoyancy forces as a way to scale his
model results to full-size ships. Invented a hydraulic dynameter to measure the output of high-powered ship engines.
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where V is the wind speed component normal to the
mountain, N the Brunt-Väisälä frequency, and S, the
vertical (or, for some applications, horizontal) scale
of the mountain. The Froude number can be inter-
preted as the natural wavelength of the buoyancy
oscillations, discussed in Exercise 3.13, divided by the
wavelength of the mountain. The square of Fr is like
a kinetic energy of the incident flow divided by the
potential energy needed to lift air over the mountain.

For small values of Fr, the low-level airflow is
forced to go around the mountain and�or through
gaps. Larger values of Fr are associated with more
flow over the top of the mountain. From the results
of Exercise 3.13 it is clear that if S is defined as the
horizontal wavelength of a sinusoidal mountain
range with ridges perpendicular to the flow, the
wavelength of the waves induced by flow over the
mountain range is proportional to Fr. In the real

world, V and N vary with height and the topography
of mountain ranges is a two-dimensional function
that is often too complex to characterize by a single
height or width scale. Hence, to perform realistic sim-
ulations of terrain effects requires the use of numeri-
cal or laboratory models.

9.5.2 Sea Breezes

Diurnal temperature ranges at the Earth’s surface in
excess of 15 °C are commonly observed over land in
the tropics and in middle latitudes of the summer
hemisphere, where daytime insolation is strong. Over
land, the low thermal conductivity of the soil tends to
concentrate the response within a thin layer just below
the surface, as was illustrated in Fig. 9.12. Hence, land
surfaces react much more quickly to changes of insola-
tion than the ocean surface. It follows that the conti-
nents tend to be warmer than the oceans during the
afternoons and they cool off more at night due to the
emission of infrared radiation. The resulting land-sea
temperature contrasts cause horizontal pressure gradi-
ents that drive shallow, diurnally varying, circulations:
daytime sea breezes and nighttime land breezes.

A sea breeze is a cool shallow wind that blows
onshore (from sea to land) during daytime. It occurs
during weak background synoptic forcings (i.e., weak
or calm geostrophic wind) under generally clear skies
and is caused by a 5 °C or greater temperature contrast
between the sun-heated warm land and the cooler
water. Analogous flows called lake breezes form along
lake shorelines, while inland sea breezes form along
boundaries between adjacent land regions with differ-
ent surface characteristics (e.g., deserts versus vege-
tated terrain).The sea breeze is a surface manifestation
of a thermally driven mesoscale circulation called the
sea-breeze circulation, which often includes a weak
return (land to sea) flow aloft (Fig. 9.35).

A sea-breeze front marks the leading edge of the
advancing cool marine air and behaves similarly to a
weak advancing cold front or a thunderstorm gust
front. If sufficient moisture is present in the updraft
ahead of the front, a line of cumulus clouds can form
along the front, and a line of thunderstorms can be
triggered if the atmosphere is convectively unstable.
The raised portion of cool air immediately behind
the front, called the sea-breeze head, is analogous to
the head at the leading edge of a gust front (Section
8.3.3c). The sea-breeze head is roughly twice as thick
as the subsequent portion of the feeder cool onshore
flow (which is �0.5 to 1 km thick). The top of the

Fig. 9.34 Cloud streets organized by flow over a nearby
�130-m-high hill. Each photograph was taken on a different
day, but the winds on all 3 days were blowing from nearly the
same direction. [Photographs courtesy of Art Rangno.]
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between local flows that distort the sea breeze and cre-
ate regions of enhanced convergence and divergence.
The sea breeze can also interact with boundary-layer
convection, horizontal roll vortices, and urban heat
islands, causing complex dispersion of pollutants emit-
ted near the shore. If the onshore synoptic-scale
geostrophic wind is too strong, a TIBL develops
instead of a sea-breeze circulation.

In regions such as the west coast of the Americas,
where major mountain ranges lie within a few hundred
kilometers of the coast, sea breezes and terrain effects
appear in combination. Figure 9.36 shows an example
of how low-level convergence associated with the
boundary-layer wind field influences the diurnal cycle
in deep convection and rainfall over Central America.
Elevated land areas along the crest of the Sierras
Madre mountain range experience convection during
the afternoon when the sea breeze and upslope flow
conspire to produce low-level convergence. In contrast,
the offshore waters experience convection most fre-
quently during the early morning hours, in response to
the convergence associated with the land breeze, aug-
mented by katabatic winds from the nearby mountains.
Morning convection is particularly strong in the Gulf
of Panama because of its concave coastline. The preva-
lence of afternoon convection, driven by the the sea
breeze circulation, is also clearly evident over the
southeastern United States.

9.5.3 Forest Canopy Effects

The drag associated with forest canopies (i.e., the
leafy top part of the trees) is so strong that the flow
above the canopy often becomes partially separated
from the flow below, in the trunk space. In the region
above the canopy in the surface layer, the flow
exhibits the typical logarithmic wind profile but with
the effective aerodynamic surface displaced upward
to near the canopy top (Fig. 9.37a). In the trunk
space the air often has a relative maximum of wind
speed between the ground and the canopy, and often
these subcanopy winds flow mostly downslope both
day and night if the canopy is dense.

The static stability below the canopy is often oppo-
site to that above the canopy. For example, during
clear nights, strong longwave cooling of the canopy
will cause a statically stable boundary layer to form
above the canopy (Fig. 9.37b). However, some of
the cold air from the canopy sinks as upside-down
thermals, creating a convective mixed layer in the
trunk space at night that gets cooler as the night pro-

gresses. During daytime, a superadiabatic surface
layer with warm convective thermals forms above
the canopy, while in the trunk space the air is
warmed from the canopy above and becomes stati-
cally stable (Fig. 9.37c). These peculiar configurations
of static stability are successfully captured with the
nonlocal method of determining static stability.
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Fig. 9.36 Frequency of deep convection as indicated by
clouds with tops colder than �38 °C at two different times
of day during July at around (a) 5 AM local time and (b) 5 PM

local time. Panel (c) shows the difference (a)–(b). Color scale
for (a) and (b) analogous to that in Fig. 1.25; in (c) red shad-
ing indicates heavier precipitation at 5 PM. [Courtesy of U.S.
CLIVAR Pan American Implementation Panel and Ken
Howard, NOAA-NSSL.]
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9.5.4 Urban Effects

Large cities differ from the surrounding rural areas
by virtue of having larger buildings that exert a
stronger drag on the wind; less ground moisture and
vegetation, resulting in reduced evaporation; differ-
ent albedo characteristics that are strongly depend-
ent on the relationship between sun position and
alignment of the urban street canyons; different heat
capacity; and greater emissions of pollutants and
anthropogenic heat production. All of these effects
usually cause the city center to be warmer than the
surroundings—a phenomenon called the urban heat
island (Fig. 9.38a).

When a light synoptic-scale wind is blowing, the
excess warmth and increased pollutants extend
downwind as a city-scale urban plume (Fig. 9.38b). In
some of these urban plumes the length of the grow-
ing season (days between last frost in spring and first
frost in fall) in the rural areas adjacent to the city has
been observed to increase by 15 days compared to
the surrounding regions.

Within individual street canyons between strong
buildings, winds can be funneled and accelerated.
Also, as fast winds from aloft hit tall buildings, the
winds are deflected downward to increase wind
speeds near the base of these skyscrapers. Behind
individual buildings is often a “cavity” of circulation
with surface wind direction opposite to the stronger
winds aloft, which can cause unanticipated transport
of pollutants from the street level up to open win-
dows. In lighter wind conditions, the increased rough-
ness length associated with tall buildings can reduce
the wind speed on average over the whole city, allow-
ing pollutant concentrations to build to high levels.

The largest cities generate and store so much heat
that they can create convective mixed layers over
them both day and night during fair-weather condi-
tions. This urban heat source is often associated with
enhanced thermals and updrafts over the city, with
weak return-circulation downdrafts over the adjacent
countryside. One detrimental effect is that pollutants
are continually recirculated into the city. Also, the
enhanced convection over a city can cause measurable
increases in convective clouds and thunderstorm rain.

9.6 The Boundary Layer
in Context
Boundary-layer meteorology is still a relatively
young field of study with many unsolved problems.
The basic equations of thermodynamics and dynam-
ics have resisted analytical solution for centuries. The
Reynolds-averaging approach resorts to statistical
averages of the effects of turbulence in an attempt to
circumvent the intrinsic lack of predictability in the
deterministic solutions of the eddies themselves. The
turbulence closure problem has not been solved, and
the chaotic nature of turbulence poses major chal-
lenges. Many of the useful empirical relationships,
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Fig. 9.37 (a) Wind speed in a forest canopy. (b) Potential
temperature profile on a clear night with light winds. The level
d represents the displacement distance of the effective surface
for the logarithmic wind profile in the surface layer above the
top of the canopy. (c) Same as (b), but on a sunny day.
[Courtesy of Roland B. Stull.]

Fig. 9.38 (a) Urban heat island effect, with warmer air tem-
peratures over and downwind of a city. Air temperature excess
in the city core can be 2 to 12 °C warmer than the air
upstream over rural areas. The grid of lines represents roads.
(b) Vertical cross section through a city. The urban plume
includes excess heat as well as increased pollution. [Adapted
from T. R. Oke, Boundary Layer Climates, 2nd Ed., Routledge,
New York (1987).]
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9.5.4 Urban Effects

Large cities differ from the surrounding rural areas
by virtue of having larger buildings that exert a
stronger drag on the wind; less ground moisture and
vegetation, resulting in reduced evaporation; differ-
ent albedo characteristics that are strongly depend-
ent on the relationship between sun position and
alignment of the urban street canyons; different heat
capacity; and greater emissions of pollutants and
anthropogenic heat production. All of these effects
usually cause the city center to be warmer than the
surroundings—a phenomenon called the urban heat
island (Fig. 9.38a).

When a light synoptic-scale wind is blowing, the
excess warmth and increased pollutants extend
downwind as a city-scale urban plume (Fig. 9.38b). In
some of these urban plumes the length of the grow-
ing season (days between last frost in spring and first
frost in fall) in the rural areas adjacent to the city has
been observed to increase by 15 days compared to
the surrounding regions.

Within individual street canyons between strong
buildings, winds can be funneled and accelerated.
Also, as fast winds from aloft hit tall buildings, the
winds are deflected downward to increase wind
speeds near the base of these skyscrapers. Behind
individual buildings is often a “cavity” of circulation
with surface wind direction opposite to the stronger
winds aloft, which can cause unanticipated transport
of pollutants from the street level up to open win-
dows. In lighter wind conditions, the increased rough-
ness length associated with tall buildings can reduce
the wind speed on average over the whole city, allow-
ing pollutant concentrations to build to high levels.

The largest cities generate and store so much heat
that they can create convective mixed layers over
them both day and night during fair-weather condi-
tions. This urban heat source is often associated with
enhanced thermals and updrafts over the city, with
weak return-circulation downdrafts over the adjacent
countryside. One detrimental effect is that pollutants
are continually recirculated into the city. Also, the
enhanced convection over a city can cause measurable
increases in convective clouds and thunderstorm rain.

9.6 The Boundary Layer
in Context
Boundary-layer meteorology is still a relatively
young field of study with many unsolved problems.
The basic equations of thermodynamics and dynam-
ics have resisted analytical solution for centuries. The
Reynolds-averaging approach resorts to statistical
averages of the effects of turbulence in an attempt to
circumvent the intrinsic lack of predictability in the
deterministic solutions of the eddies themselves. The
turbulence closure problem has not been solved, and
the chaotic nature of turbulence poses major chal-
lenges. Many of the useful empirical relationships,
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Fig. 9.37 (a) Wind speed in a forest canopy. (b) Potential
temperature profile on a clear night with light winds. The level
d represents the displacement distance of the effective surface
for the logarithmic wind profile in the surface layer above the
top of the canopy. (c) Same as (b), but on a sunny day.
[Courtesy of Roland B. Stull.]

Fig. 9.38 (a) Urban heat island effect, with warmer air tem-
peratures over and downwind of a city. Air temperature excess
in the city core can be 2 to 12 °C warmer than the air
upstream over rural areas. The grid of lines represents roads.
(b) Vertical cross section through a city. The urban plume
includes excess heat as well as increased pollution. [Adapted
from T. R. Oke, Boundary Layer Climates, 2nd Ed., Routledge,
New York (1987).]
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(hh) Other conditions being the same, alpine
glaciers and snow-fields lose more mass on
a humid summer day than on a dry summer
day.

(ii) On a clear, calm day, the surface sensible
heat flux into the air does not usually
become positive until 30 to 60 min after
sunrise.

(jj) In fair weather, the heat and momentum
fluxes at the top of the mixed layer due to
entrainment are usually downward, but the
moisture flux is positive.

(kk) You can estimate the static stability of
the boundary layer by looking at the
shape of the smoke plume from a smoke
stack.

(ll) In Fig. 9.40, why do the surface wind speed
and the cloudiness increase as the air flows
northward across the sharp front in the
sea-surface temperature field that lies
along 1 °N?

9.8 Estimate the temperature variance for the
velocity trace at the bottom of Fig. 9.6.
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Fig. 9.40 Sea surface temperature (colored shading) surface winds (arrows) and clouds (gray shading) over the equatorial
Pacific at a time when the equatorial front in the sea surface temperature field is well defined along 1 °N. The scalloped appear-
ance of the front is due to the presence of tropical instability waves in the ocean. [Based on NASA QUIKSCAT, TMI, and MODIS
imagery. Courtesy of Robert Wood.]
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