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Abstract

An update of the Kellogg and Schneider climate feedback diagram
that incorporates thermal inertia, meltwater, and vegetation feed-
backs, and more clearly distinguishes external forcing and heat
fluxes, is presented. This diagram will be of use in helping to under-
stand the complex interactions in the climate system that can feed
back on surface air temperature.

The complex interactions of the climate system that result in
changes in surface air temperature can be thought of as feed-
back mechanisms (Schneider and Dickinson, 1974). A feed-
back mechanism is an interaction in which an initially im-
posed change in a variable, say surface air temperature,
causes some other variable to change, say snow cover, that
then acts to modify the original change. For example, lower
temperatures might produce more snow, which would in-
crease the albedo of the system. The higher albedo causes less
solar radiation to be absorbed by the system, which causes it
to be cooler still, producing even more snow. This is an ex-
ample of a positive feedback, where the initially imposed
change is amplified, and the resulting temperature is lower
than it would have been without the interaction with the
snow. There are also negative feedbacks, the prime example
of which is the temperature-radiation feedback (Schneider
and Dickinson, 1974). Understanding feedback mechanisms
has become such an important part of climate research that
an entire book (Hansen and Takahashi, 1984) has been re-
cently published on the subject; it only discusses some of the
feedback mechanisms.

Kellogg and Schneider (1974) attempted to clarify these
feedback relationships in a diagram that indicates how dif-
ferent parts of the climate system interact with each other to
cause the temperature to change. In recently reviewing this
diagram, I noticed several aspects of it that I thought could
be improved; especially the incorporation of important feed-
backs that were not recognized at the time of its construction.
Therefore, I have produced a new and improved version of
their diagram (Fig. 1). In what follows, I will explain the
changes made. I hope that the new diagram will be of use in
explaining these feedback relationships and, as pointed out
by Kellogg and Schneider, in realizing the enormous com-
plexity of the climate system.

Three new climate elements have been added to the dia-
gram: vegetation, thermal inertia, and meltwater.

The addition of ‘‘vegetation” produces the most new
feedbacks. These include vegetation-albedo, vegetation-
evaporation, and vegetation-atmospheric composition feed-
backs. Vegetation-albedo feedbacks are reviewed by Dickin-
son and Hanson (1984) and, as they point out, were
recognized because of the influential papers of Charney
(1975), Cess (1978), and Sagan ez al. (1979). When vegetation
is removed from land by, perhaps, overgrazing, the resulting
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change in surface albedo can affect the atmospheric circula-
tion in such a way as to lessen rainfall and so make it harder
to reestablish vegetation. It has been suggested that this
mechanism may have been an important desertification proc-
ess in the Sahel and in India. Vegetation-evaporation feed-
backs are only now being investigated in detail in climate
models (Dickinson, 1984; Rind, 1984). Changing vegetation
can alter the evapotranspiration rate and the resulting dif-
ference in atmospheric water content can feed back on the
atmospheric circulation, producing changes. Increases in
vegetation can also reduce atmospheric carbon dioxide and
increase oxygen; decreases have an opposite effect. Trace
gases are also affected by vegetation.

“Thermal inertia” is another new element. It is different
from all the other elements in that it refers to the rate of
change of temperature rather than to a physical portion of
the climate system. Its inclusion produces the sea-ice-ther-
mal-inertia and mixing-depth-thermal-inertia feedbacks.
Either more sea ice or a smaller mixing depth in the ocean
will lower the thermal inertia, allowing temperature to
change more rapidly in response to a net energy imbalance.
Less sea ice and a greater mixing depth have the opposite ef-
fect. When temperatures are at the freezing point, the latent
heat of fusion due to melting or freezing slows down imposed
temperature changes, but the net effect still is more rapid
temperature changes when ice is present. It insulates the at-
mosphere from the ocean mixed layer, allowing imposed
energy imbalances to change the temperatures of only the ice
surface and the air, but not of the entire mixed layer.

The third new element is ‘“‘meltwater,” which refers to the
lowered albedo of snow and ice surfaces produced by higher
temperatures. The meltwater-albedo and sea-ice-thermal-
inertia feedbacks were discussed by Robock (1983). The sea-
ice-thermal-inertia feedback was found to be a strongly posi-
tive one. To my knowledge, the mixing-depth~thermal-inertia
feedback has not been investigated in a seasonal climate
model.

In order to clarify the relationships between climate ele-
ments, external forcings, heat fluxes, and temperature, the
diagram has been drawn with different fonts. External forc-
ings are indicated in underlined italics. Net energy balance
and thermal inertia are included explicitly, and therefore the
feedback loop is completed, with the causes of temperature
change indicated. Thermal inertia is indicated in italic capi-
tals and a dashed box to indicate its special relationship to
the other variables. Temperature effects on other elements
are indicated with darker arrows. All heat-flux components
are indicated in rounded boxes. The mysterious climate ele-
ment “surface vapor per square unit” (Kellogg and
Schneider, 1974) has been eliminated. Surface and planetary
albedo are both included explicitly to clarify their respective
relationships.

I am sure that any active climate researcher could quibble
with details of the diagram, and probably add a few arrows

Vol. 66, No. 7, July 1985



Bulletin American Meteorological Society

787

RADIATION

OUTGOING LONGWAVE ); CLATENT HEAT)

FLUX

Voleanoes
ABSORBED SOLAR

SENSIBLE HEAT AND
/ POTENTIAL ENERGY FLUX

RADIATION

Atmosgheric

YLNET ENERGY BALANCE]QB SUBSURFACE

composition

Solar
radiation

Human
activities

HEAT STORAGE,
THERMAU
INERTIA

Planetary albedo

/ Ice area

Meltwater

Geograph Snow area

wirﬂa— Evapotranspiration
Soil
moisture

Precipitation

Cloud
cover

QRelatlve humidity

Atmospheric moisture
capacity

Atmospheric moisture
content

Pressure

gradient — Horizontal wind

Surface
roughness

Vertical
wind

Fic. 1. Climate feedback diagram.

here and there. I tried to make the diagram as simple as pos-
sible with as few arrow crossings as possible while still retain-
ing the important climate relationships. It is hoped that it will
be a valuable tool both for teaching about climate and for
climate modelers to explain to others those feedbacks that
are included in their models.

Acknowledgments. This work was supported by NSF Grant ATM-
8213184. 1 thank the NASA Goddard Laboratory for Atmospheres
for computer time for text processing and Patricia Palasik, Chuck
Mulchi, and Patrick Hooper for helping to draw the figure.

References

Cess, R. D., 1978: Biosphere-albedo feedback and climate model-
ing. J. Atmos. Sci., 35, 1765-1768.

Charney, J. C., 1975: Dynamics of deserts and drought in the Sahel.
Quart. J. Roy. Meteor. Soc., 101, 193-202.

Dickinson, R. E., 1984: Modeling evapotranspiration for three-
dimensional global climate models. Climate Processes and Climate
Sensitivity, J. E. Hansen and T. Takahashi, Eds., Amer. Geophys.
Union, Washington, DC, 58-72.

, and B. Hanson, 1984: Vegetation-albedo feedbacks. Climate
Processes and Climate Sensitivity, J. E. Hansen and T. Takahashi,
Eds., Amer. Geophys. Union, Washington, DC, 180-186.

Hansen, J. E., and T. Takahashi, Eds., 1984: Climate Processes and
Climate Sensitivity. Amer. Geophys. Union, Washington, DC,
368 pp.

Kellogg, W. W., and S. H. Schneider, 1974: Climate stabilization:
For better or for worse? Science, 186, 1163-1172,

Rind, D., 1984: The influence of vegetation on the hydrologic cycle
ina global climate model. Climate Processes and Climate Sensitiv-
ity, J. E. Hansen and T. Takahashi, Eds., Amer. Geophys. Union,
Washington, DC, 73-91.

Robock, A., 1983: Ice and snow feedbacks and the latitudinal and
seasonal distribution of climate sensitivity. J. Atmos. Sci., 40,
986-997.

Sagan, C., O. B. Toon, and J. B. Pollack, 1979: Anthropogenic al-
bedo changes and the earth’s climate. Science, 206, 1363-1368.

Schneider, S. H.,and R. E. Dickinson, 1974: Climate modeling. Rev.
Geophys. Space Phys., 12, 447-493. L]




