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ABSTRACT

Several climate feedback mechanisms, which are not conventionally incorporated within climate
models, are investigated to illustrate their potential role in enhancing the sensitivity of the earth’s
climate to changes in orbital parameters; i.e., for application to the astronomical or Milankovitch
theory of ice ages. For illustrative purposes changes only in obliquity angle are considered.
Specifically the feedback mechanisms which have been incorporated are:

(1) Zenith-angle feedback, which constitutes a latitudinal change in the earth’s zonal albedo due
to the alteration in latitudinal distribution of insolation, and thus solar zenith angle, with
changes in obliquity angle.

(2) Bio-albedo feedback, comprising a climate-related change in surface albedo as a con-
sequence of altered precipitation patterns modifying the vegetation of land surfaces.

(3) Latent-heat feedback, which involves climate-induced changes in the poleward transport of
latent heat.

Employing crude parameterizations for these three feedback mechanisms within a simple climate
model, it is suggested that collectively these feedback mechanisms could, by several factors,

amplify climate change associated with orbital parameter variability.

1. Introduction

There recently has been renewed interest in the
Milankovitch (1941) theory, which suggests that
glacial/interglacial transitions are the result of
periodic variations in the earth’s orbital elements.
These orbital variations comprise the longitude of
perihelion (22,000 year period), the earth’s obli-
quity (40,000 year period), and variations in orbital
eccentricity (100,000 year period). This renewed
interest in the astronomical theory of ice ages stems
from analyses of paleoclimatic time series by Hayes
et al. (1976), who found a significant correlation
between the paleoclimatic record and orbital
element variations.

Except for a small change in the annually
averaged insolation due to eccentricity variability,
the Milankovitch effect essentially comprises a
latitudinal redistribution of insolation. A reduction
in obliquity angle results, on an annual average, in
reduced insolation at high latitudes which is
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compensated by an increase at low latitudes. There
is, moreover, a strong seasonal effect, with
increased rather than decreased insolation, for a
reduced obliquity angle, occurring at high latitudes
during the winter. Variability in the longitude of
perihelion influences insolation only through an
interaction with eccentricity variations. But as
pointed out by Suarez and Held (1978), changes in
longitude of perihelion can alter the absorbed solar
radiation through a coupling with seasonal albedo
variability.

The purpose of the present study is to investi-
gate the interactive role, with respect to orbital
element variations, of several climate feedback
mechanisms which are not conventionally included
within climate models that incorporate the
Milankovitch mechanism. Specifically these involve
the three following feedback mechanisms:

(1) Zenith-angle feedback
(2) Bio-albedo feedback
(3) Latent-heat feedback
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Zenith-angle feedback refers to albedo change
associated with a latitudinal redistribution of in-
solation, which in turn alters the solar zenith angle
and thus the albedo. For example, a reduction in
obliquity angle will, on an annual average, increase
the zenith angle at high latitudes while decreasing it
at low latitudes. Bio-albedo feedback is associated
with modifications in the earth’s surface albedo due
to climate-induced changes in the vegetation of
land surfaces and, as discussed by Cess (1978), this
constitutes a potential long-term climate feedback
mechanism. Recently Coakley (1978) incorporated
both of these feedback mechanisms within an
annually-averaged energy-balance climate model,
but he did not consider the explicit role of zenith-
angle feedback.

By latent-heat feedback, we refer to changes in
the poleward advective latent-heat transport which
cannot, for example, be modeled by a simple
diffusion expression employing a constant diffusion
coefficient. The study of this feedback was
motivated by the general circulation model (GCM)
results of Wetherald and Manabe (1975), who
found that for a reduction in solar constant there
was no net increase in poleward heat transport,
despite an increase in pole-to-equator temperature
difference. The reason for this is that the increase in
sensible heat transport is compensated by a
decrease in latent-heat transport, this decrease
resulting from reduced evaporation for a cooler
planet.

For the present purpose of illustrating the
potential effect of these three feedback mechan-
isms, we restrict ourselves solely to changes in
obliquity angle, 4, which constitutes the most
significant orbital element change over about the
past 50,000 years. Furthermore, we make no
attempt to actually predict glacial/interglacial
climatic change. Our sole intent is to investigate the
potential role of the three above-mentioned feed-
back mechanisms, and for this purpose we consider
their influence upon the sensitivity of the climate, to
changes in obliquity angle J, by introducing the
obliquity sensitivity parameter

darT,
_s 1
T m

By = do
for the Northern Hemisphere, where T, is the hemi-
spheric mean tempetrature and J, = 23.45° the
present obliquity angle. Eq. (1) simply constitutes a
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Milankovitch analog to the sensitivity parameter
dar,

5

2
e 2

B,=S

introduced by Schneider and Mass (1975) for a
solar constant change, where S is the solar con-
stant and S, its present value.

2. Sensitivity to obliquity change

2.1. The climate model

Suarez and Held (1978) have pointed out the
need for employing a seasonal climate model for
the purpose of evaluating Milankovitch pertur-
bations. In our present study of the interactive role
of feedback mechanisms by investigating the sensi-
tivity of the climate to obliquity change, we adopt
a less conventional but perhaps more accurate
definition of an annual mean model. As discussed
shortly, this incorporates certain seasonal informa-
tion. From a zonal annual energy balance,

ans_FZD’ (3)

where Q,,. is the absorbed solar radiation, F the
outgoing infrared flux, and D the divergence of the
poleward advective flux. Perturbing about the
present climate, ignoring possible changes in cloud
amount and assuming that Q. = Q,,(T,, 9) and
F = F(T,), where T, is zonal surface temperature,
then

dF  9Q,,\ dT, 00, dD @
dT,  oT,

a5~ 8 dé

The dependence of Q,,, upon 9 simply reflects the
change in latitudinal insolation distribution with
obliquity angle, while the dependence upon T,
incorporates temperature-albedo coupling, such as
ice-albedo feedback. Since

Quvs = (S/4) P(x)(1 — @) %

with x = sin(latitude), a the zonal albedo, and P(x)
the distribution function associated with latitudinal
variations in insolation, then eq. (4) becomes

dF S da dT, 0Qu, daD
— +|—| P ——— 6)
dT, 4 T, dé o0 dd

Once dT,/dd is evaluated from this expression, it
then follows that the obliquity sensitivity para-
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meter is given by

a1,
_5f

But before dT,/dd can be determined, it is
necessary to obtain input information for 6Q,, /9,
dD/dé and 8a/dT,.

2.2. Results for 6Q,, /90

8= 0,20 )

From eq. (5)
3ans dP dadu
20 = (S/4)(1 —d)——~ (S/4)3—5 ®)

where 4 = cos (zenith angle). The first term on the
right side of eq. (8) denotes the basic climate
forcing due to obliquity change, while the second
term comprises zenith-angle feedback. Although
eq. (6) stems from an annual climate model, we at
least partially incorporate seasonal effects by
employing monthly values for a and dP/dJ, and
then performing an average to determine the first
term on the right side of eq. (8). The monthly values
for a are from Ellis Vonder Haar (1976), while
monthly dP/dd results were obtained from an
orbital calculation, changing & from 23.45° to
22.45°. The evaluation of da/du is discussed by
Lian and Cess (1977), and the relevant information
is summarized in Table 1, where ¢, = da/du.

At this juncture it is worth noting that in the
absence of any other interactive processes (i.e.,
9a/ 9T, = dD/dd = 0), then from egs. (6) and (7),
with dF/dT, = 1.6 W m~2 (°C)~! (Cess, 1976),

By = f (00,,,/26) dx = —1.1 °C
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be positive. The point is that the insolation
redistribution, acting solely by itself, gives net
global warming for a reduction of obliquity angle,
since reduced high-latitude solar absorption is more
than compensated by the increased insolation
acting at low latitudes where there is a smaller
albedo, and this is independent upon whether or not
zenith-angle feedback is included (without zenith-
angle feedback, B, = —1.5°C). This rather funda-
mental point is generally overlooked.

2.3. Latent-heat feedback

To incorporate latent-heat feedback, we will
simply modify the Budyko (1969) advective para-
meterization by letting

D=v(T)T,—T,) )

where T, is the hemispheric mean temperature. The
modification is that we allow the proportionally
constant v to be a function of hemispheric mean
temperature as a means of at least partially
accounting for changes in latent heat transport
during climatic change. Although it would be
tempting to let v depend upon zonal rather than
hemispherical temperature, ie. v = »(T), this
would require a latitudinal variation in tempera-
ture dependence in order that the condition

[oD(x)dx=0

be satisfied. Our emphasis is to show gross
comparative effects, and within this context eq. (9)
serves the purpose.

We now consider means of estimating the
dependence of v upon T,. Letting v, refer to the
present climate, then for a perturbed climate

dF, / dr, dD dr, dv
. . . —=V—=—-1]+—=(T,— T) (10)
whereas the Milankovitch theory requires that §, dT, dr, dT,
Table 1. Model input parameters
Latitude (5/4)(1 — a)(dP/dd) du/dé 8Q,,,/05 ¢
(°N) W m-2deg! <, deg™! W m—2deg! (°Cyt
85 2.81 0.389 0.0102 4.16 0.0218
75 2.66 0.418 0.0086 3.88 0.0120
65 1.73 0.446 0.0042 2.37 0.0081
55 0.80 0.450 0.0016 1.04 0.0047
45 0.23 0.437 0.0002 0.27 0.0009
35 —0.27 0.382 —0.0008 -0.37 0
25 —0.70 0.373 —-0.0015 —0.89 0
15 —-0.97 0.356 —0.0018 —1.18 0
5 -1.07 0.358 —0.0021 —1.33 0
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To estimate dv/dT,, we have previously noted that
the GCM study by Wetherald and Manabe (1975)
yields dD/dT, ~ 0O for a perturbation in solar
constant. Thus

| dv  @T/dT,—1)
v dT,  T,—T,

5

1n

and from the GCM results we have determined
dT,/dT,, and hence (1/v,)(dv/dT,), as a function of
latitude. Since dT,/dT, ~ | and T, ~ T, at mid
latitudes, this procedure is applicable only for low
and high latitudes, from which we find that

1 dv
— — >~ 0.024(°C) 4
vy dT,

low latitudes
s

v
— ~0.032(°C)%;

vO s

high latitudes

and we choose a hemispherical mean as

1 dv
— ——=0.028(°C)!
ar,

vo s

(12)

A comparable value is obtained, on a hemi-
spherical average, if we assume that 40% of the
advective transport is due to latent heat, and that
latent-heat transport is proportional to the
saturation vapor pressure of water at the planetary
surface (Gal-Chen and Schneider, 1976). From this
we find that (1/v)(dv/dT,) = 0.026(°C)™, in
excellent agreement with eq. (12).

Although we have employed dD/dT, = 0 for a
solar constant change, in order to obtain eq. (12)
from the GCM results, this does not imply that
dD/dTS = 0 for other types of climate forcing. In
fact a change in obliquity angle is a considerably
different type of climate change mechanism, since
here an insolation reduction at high latitudes is
accompanied by increased insolation at low
latitudes. In the absence of any surface albedo
feedback this leads, as previously discussed, to net
global warming, whereas within the framework of
the Milankovitch theory such an insolation change,
corresponding to reduced obliquity, should lead to
net global cooling. Moreover, if we associate the
last great ice age (18,000 YBP) to an earlier
obliquity angle minimum, then in addition to net
global cooling, cooling at all latitudes shouid occur
(CLIMAP, 1976; Gates, 1976). At the very
minimum, mechanisms which can lead to low-
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latitude cooling, when there is a low-latitude
increase in insolation, comprise a coupling between
ice-albedo feedback and advection, such that high-
latitude cooling, enhanced by ice-albedo feedback,
is transmitted to low latitudes through enhanced
poleward advection. If there were no poleward
advection enhancement (dD/dé = 0) associated
with a reduction in obliquity, then climatic change
associated with each latitude zone would be
independent of other zones, and low-latitude
heating would occur. On the other hand, ex-
cessively strong advection enhancement would tend
to “quench” the required ice-albedo feedback at
high latitudes.

The preceding arguments illustrate that advec-
tive transport could play a more significant role for
climate change induced by obliquity angle
variability than for that due to a change in solar
constant. It is for this reason that we employ eqs.
(10) and (12) for purposes of illustration.

To show how our choice of latent-heat feedback
influences the sensitivity of the present climate to a
change in solar constant, as measured by the
sensitivity parameter §, defined in eq. (2), we have
incorporated eqs. (10) and (12) within the energy-
balance climate model of Lian and Cess (1977),
from which

1 d
B.=184°C; ——=0 (13a)
' v, dT,
1 av
B.=207°C; ——=10.028 (13b)
s v, dT

5

Latent-heat feedback thus constitutes, for this
example, a positive feedback mechanism, since it
reduces the poleward enhancement in advection for
a reduction in solar constant, producing a larger
high-latitude temperature decrease and thus enhan-
ced ice-albedo feedback. For the present illu-
stration, however, this positive feedback is
relatively insignificant.

2.4. Bio-albedo feedback

The remaining feedback mechanism which we
wish to consider is bio-albedo feedback. As
discussed by Cess (1978), this is associated with
gross changes in the vegetation of land surfaces due
to precipitation changes. Thus, for example, a
colder climate leads, on the average, but certainly
with regional exceptions, to reduce precipitation
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with the result that during the last great ice age
(18,000 YBP) “desert regions, steppes, grasslands
and outwash plains expanded at the expense of
forests, yielding a slight increase in the albedo of
land areas not covered by ice” (CLIMAP, 1976).
This obviously is a positive feedback mechanism
due to the increase in surface albedo with decreas-
ing global temperature.

Following the prescription of Cess (1978), which
was obtained by comparing the present and 18,000
YBP surface albedos and climates, we incorporate
bio-albedo feedback by letting

da oa
—=—1] ; 8>50°N
aTs aTS ice
oa oa
=f—y71)] +|—]. ; 6=40°t050°N
aTS ice aTs bio

da
(2], oo
arT, [vie

where 6 is latitude, (90/0T),, = —0.002(°C)™!
denotes the bio-albedo contribution, and
(0a/9T,),, is the ice-albedo contribution. It is
important to note that in order for this crude
parameterization to simulate the 18,000 YBP ice
age, cooling must occur at all latitudes as suggested
by CLIMAP (1976) and the corresponding
GCM study of Gates (1976). If a model produces
low-latitude heating for a reduction in obliquity,
then the above parameterization would, at those
latitudes, produce a negative ice-age feedback,
since the low-latitude albedo would decrease.

2.5. Ice-albedo feedback

As previously discussed, ice-albedo feedback
constitutes a significant coupling mechanism with
regard to achieveing global cooling for a reduced
obliquity angle. To appraise the required strength
of ice-albedo feedback, we shall assume that the
18,000 YBP ice age was caused principally by an
earlier obliquity angle minimum and, in accordance
with prior discussion, that cooling occurred at all
latitudes. We thus require that dT./dé > 0 for all
latitudes, and noting the constraint

{3 (dD/dd)dx =0
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it follows from eq. (6) that

fl F , smpZ),
o \ar, 71 T, ) ds

5

! aQabs
T 80

dx <0 (14)
In that we require dT,/dd > 0, the only way in
which this expression can be satisfied is that

( dF aa)
—+(S/HYP—I< 0 (15)
dT, aT,

for at least some latitude zones. Choosing dF/dT;
= 1.6 W m~2(°C)~, our present parameterization
for bio-albedo feedback does not satisfy eq. (15) for
those latitude zones over which we have assumed
bio-albedo feedback to operate. The only alter-
native is that eq. (15) be satisfied at high latitudes,
with 8a/0T, due to ice-albedo feedback.

Recent zonal estimates of da/oT,, due to ice-
albedo feedback, have been presented by Lian and
Cess (1977), from which eq. (15) is found to be
satisfied only for the 80° to 90°N latitude zone,
which is insufficient to produce d7,/ddé > 0 at all
latitudes. Either the Milankovitch theory,
associated solely with obliquity variations as
presently modeled, cannot explain the 18,000 YBP
ice age, or we require stronger ice-albedo feedback
than that suggested by Lian and Cess. A possible
case can be made for the latter suggestion. What
we are doing is invoking an obliquity perturbation
upon the present climate. But in order to reproduce
at least the qualitative features of the last great ice
age, perhaps we should employ ice-albedo feed-
back appropriate to some average glacial/inter-
glacial climate which would correspond to a lower
global temperature than at present. Virtually all
climate models show increasing ice-albedo feed-
back with decreasing global temperature.

In view of the above, and give the uncertainties
in estimating ice-albedo feedback, we have ar-
bitrarily increased the zonal ice-albedo values,
(0a/8T )., of Lian and Cess by a factor of 1.5.
Letting (9a/dT;),, = —¢;, the corresponding c;
results are summarized in Table 1. We stress that
this is a totally ad hoc choice. Without such
enhanced ice-albedo feedback, then low-latitude
cooling, for reduced obliquity, would not occur, so
that any attempt to illustrate the interactive role of
bio-albedo feedback would prove meaningless.
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Again we emphasize that our goal is not to prove
or disprove the Milankovitch theory, but rather it is
to illustrate the potential role of somewhat noncon-
ventional feedback mechanisms within the context
of trying to understand processes that might, in a
more detailed treatment, illustrate the viability of
the Milankovitch theory.

Before proceeding, we illustrate how our present
choice of ice-albedo feedback influences sensitivity
to a change in solar constant. Again employing the
energy-balance model of Lian and Cess (1977), the
1.5 factor enhancement in the Lian-Cess zonal
(0a/8T,),, derivatives yields

B.=238°C L & 0 (16a)
= °C, ——= a
v, dT,
. 1 dv
B,=357°C; — —=10.028 (16b)
vO Ts

With reference to eqs. (13a) and (13b), latent-heat
feedback now plays a much more significant role,
enhancing f§, by 50% as opposed to the prior 13%
enhancement. This is to be expected, since the
importance of advection is increased for stronger
ice-albedo feedback due to its role as an interactive
mechanism with ice-albedo feedback (Gal-Chen
and Schneider, 1976; Lian and Cess, 1977).

2.6. Sensitivity parameter

To formulate the obliquity sensitivity parameter
B;, as defined by eq. (17), combination of egs. (6)
and (10), with subsequent evaluation of dT,/dd,
yields

f(l) (aQahs/aa) Mdx

Ps= 1= vy [ {1 = [(1/v )@V dT (T, — T,) M1} dx
an
where
M= ar S/4) P ba )™ 18
—Vo+de+( )a_n (18)

In the following we employ as input parameters S
= 1360 W m~2 together with v, = 3.5 W m~%(°C)™!
and dF/AT, = 1.6 W m%(°C)! (Cess, 1976),
while 7, = 15°C and the zonal 7, values are from
Crutcher and Meserve (1970).

It is perhaps well to amplify on our choice for
dF/dT,. At the very minimum, the outgoing infra-
red flux is expressed as a function of two para-
meters, surface temperature and cloud cover
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fraction 4, as suggested by Budyko (1969). Thus

dF OF OF dA,

— = (19)
dT, oT, oA, dT,

+

If we ignore, as in the present study, climate-
induced cloud cover variability, then d4 /dT, = 0
and, within the confines of this model assumption,
dF/dT, = 8F/&T,. 1t is the result OF/0T, = 1.6 W
m~3(°C)~}, inferred from zonal annual climato-
logical data (Cess, 1976), which we are thus
employing in the present study.

Recently Oerlemans and van den Dool (1978)
have suggested, utilizing somewhat different mean
surface temperatures than those employed by Cess
(1976), that OF/0T, = 2.2 W m~2(°C)~. But
Oerlemans and van den Dool have neglected
latitudinal variability in cloud cover fraction in
arriving at this result. What they have actually
obtained is dF/dT, = 2.2 W m%(°C)7}, for a
situation in which A4, # 0, rather than 8F/8T,. To
illustrate this difference, we have employed the
same zonal annual climatological data as Cess
(1976), and find that dF/dT, = 2.0 W m~*(°C)!
for the Northern Hemisphere, while 8F/8T, = 1.6
W m~2(°C)?,

3. Results and Discussion

We have evaluated the obliquity sensitivity para-
meter, f,, from eq. (17) for a wide variety of input
parameters; these results are summarized in Table
2. The last column indicates whether or not low-
latitude cooling is achieved for a decrease in
obliquity angle. Model 1 has no albedo-tempera-
ture feedbacks and thus poleward advection plays
no interactive role. As previously discussed, the
negative result for §, corresponds to net global
warming for a decrease in J, since high-latitude
cooling is more than compensated by low-latitude
warming.

In Model 2 we introduce our version of ice-
albedo feedback and obtain net global cooling (8 >
0), although low-latitude warming persists. The
same is true for Model 3, in which zenith-angle
feedback is additionally included. Note that this
feedback nearly doubles sensitivity to obliquity
change. Model 4 includes latent-heat feedback with
a subsequent increase in sensitivity by the factor
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Table 2. Summary of model results. The quantities c, and c, refer to the tabulated values in Table 1

Low-
ﬁ a_d _81 _1- _dl iatitude
Model OT, | e ou T, | oo v, dT ¥ B,(°C) cooling
1 0 0 0 — — -1.5 No
2 —cr 0 0 0 3.5 4.6 No
3 —cr —c, 0 0 3.5 8.2 No
4 —Cr —c, 0 0.028 35 12.4 No
5 —r —c, —0.002 0 3.5 10.3 Yes
6 —Cr —c, -0.002 0.028 3.5 19.5 Yes
7 —cy 0 —0.002 0.028 3.5 9.3 No
8 —cy —c, —0.002 0.028 3.0 415 Yes
9 —1.2¢, 0 0 0 35 18.6 Yes

1.5, essentially the same as for a solar constant
change (compare egs. (16a) and (16b)). Bio-albedo
feedback, but not latent-heat feedback, is incor-
porated within Model 5; low-latitude cooling is now
achieved as is required for the incorporation of this
feedback mechanism. But the sensitivity enhance-
ment, relative to Model 3, is small, a factor of 1.3,
consistent with a similar finding by Coakley
(1978). In Model 6 all three feedbacks are present.
Comparison with Model 5 shows that, when bio-
albedo feedback is included, the enhancement due
to latent-heat feedback increased from the previous
factor of 1.5 to 1.9, while with reference to Model 4
the enhancement by bio-albedo feedback, when
latent-heat feedback has been included, is increased
from a factor of 1.3 to 1.6. Clearly there is a
mutual amplification by the individual feedback
mechanisms, with the collective enhancement,
relative to Model 2, being a factor of 4.2.
Zenith-angle feedback is an important ingredient
in this mutual amplification process, since if we
exclude this feedback while retaining bio-albedo
and latent-heat feedbacks (Model 7), the sensitivity
is decreased by more than a factor of 2. By itself
zenith-angle feedback is of little importance since,
for reduced obliquity, the zenith-angle induced
high-latitude albedo increase is nearly compensated
by a corresponding albedo reduction at low
latitudes. But when ice-albedo feedback is included,
the zenith-angle increase in high-latitude albedo,
which causes reduced high-latitude surface tem-
peratures, amplifies ice-albedo feedback. Thus, like
advection, the role of zenith-angle feedback is that
of an interactive mechanism with ice-albedo feed-
back. This, of course, is only a partial explanation,
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since there is further interaction with the other feed-
back mechanisms.

In Model 8 we have arbitrarily reduced v, from
3.5t0 3.0 W m~2(°C)~! and find that this relatively
small change in the Budyko dynamical parameter
more than doubles obliquity sensitivity. This serves
to further illustrate the very delicate role that
advective transport plays regarding climatic res-
ponse to orbital element change.

Model 9 is included solely for comparison with
the seasonal climate model of Suarez and Held
(1978). Their model, which does not incorporate
any of the three feedback mechanisms of present
concern, yields f; ~ 400°C for a solar constant
change, and we achieve the same result through
increasing c,, as given in Table 1, by the factor 1.2.
With respect to obliquity change, Suarez and Held
find that 8, = 14.5 °C, while our model 9 result, B,
= 18.6 °C, is quite comparable.

4. Conclusions

The conclusion of the present study is simply
that zenith-angle, bio-albedo and latent-heat feed-
backs could, collectively, enhance by several factors
the sensitivity of the earth’s climate to change
induced by orbital element variability. We certainly
make no claim that the parameterizations which we
have employed to model these feedbacks are
realistic. Our intent has been to use simple
modeling solely for the purpose of illustrating the
potential, rather than the quantitative, role of these
climate feedback mechanisms. It will take a far
more detailed endeavor than that presented herein
to either prove or disprove the viability of the
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Milankovitch theory. Most likely this will necessi-
tate the incorporation of additional coupling mec-
hanisms associated with changes in all three orbital
parameters, while the results of Pollard (1978)
suggest the need for coupling climate and glacial
models.
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JIEJHWKOBBIE 3ITOXU U TEOPNA MMUIIAHKOBUYA: U3YYEHUE .
B3AMMOJJENCTBYIOIIMX KIIMMATHUYECKHUX MEXAHMU3MOB OBPATHBIX CB3EN

HccnenyroTcsi HEKOTOphle KIMMATHYECKHE MeXa-
HH3MBI OOpATHBIX CBsi3el, KOTOpbie OOGLIYHO He
BKJIIOYAJIUCh B MOJENIM KNWMaTta, 4yTo6bl NOKa3aThb
MX TOTEHUHAJIbHYIO DPOAb B YBEAMYEHMH YYBCT-
BHTEJIBHOCTH 3€MHOIO KJHMaTa K M3MEHEHHAM
OpOHTaNIbHBIX [IAPAMETPOB, T.€. A MPHICKEHHA K
aCTPOHOMMYECKON, MIH MHUIaHKOBHYA, TEOPHM Jie-
AHMKOBBIX 3N0X. s MIMIOCTpAUMOHHBIX Liejiel
pacCMaTPHBAIOTCH TOJILKO H3MEHEHUA B YIrne HaKJIo-
HEHUA SKIMNTHKH, KOHKpeTHO, BKmoyaroTCs clie-
IYIOLIHEe MEXaHH3MbI OGpaTHBIX CBAA3EH:

1. O6partHas cBA3b MO 3€HUTHOMY YIJy, KOTOpas
COCTOMT B LUHPOTHOM H3MEHEHHH 30HAJILHOIO
ansbeno 3eMaM M3-3a M3MEHEHHs B IIMPOTHOM
pacnpeaesieHHH HHCOMALUMA H, TAKHM 06paszoM,
3eHHTHOTO yria CoNHuA ¢ H3MEHEHHSMH B yIJie
HaKJIOHCHHSA 3KJIMNTHKH,

2. 6moansbenanas obOpaTHas CBA3b, COCTOAILAS B
KJIMMAaTHYECKOM M3MEHEHHMM ais0elo moBe-
PXHOCTH BCNIEACTBKE H3MEHEHWS pacnpenesieHus
OCaJKOB, BHAOH3MEHSAIOILMX PaCTHTENHLHOCTH
NOBEPXHOCTEH CyIlIH,

3. obpatHasa cBA3b NO CKPBITOMY TenAy, KoTopas
COCTOMT B M3MEHEHHAX ¢ KIHMATOM nepeHoca
CKPBITOro TEmia K MOJCy.

C ucnonp3ozandeM rpyObIX napaMerpu3aluii nns
ITHX TpeX MEXaHH3MOB OOPATHBIX CBA3EH B NpOCTOi
MOJENM KIMMaTa INPEANONIaraercsi, YTo B COBO-
KYITHOCTH 3TH MEXaHH3MBI OOpaTHBIX CBA3EH MOIJIH
6B1 B HECKOJIBKO Pa3 yBEJMYHTh H3MEHEHHE KIMMATA,
CBSI3aHHOE C H3MEHYMBOCTBIO NAPAMETPOB OPOUTHI.
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