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INTRiNSIC THERMODYNAMICAL TIME-SCALES OF THE
ATMOSPHERE-OCEAN-CR YOSPHERE CLIMATE SYSTEM

Peter C Chu

Deparumnt of Ottanography
Naval Postgraduate School
Monterey, CA 93943. USA

Fig,l t\ simple model of the dimale $J'stem il­
lustrating internal and e.lternal sources of cli­
matic variation (:liter Imbrie. 1982).

The internal forcings an: proccucs and
~hanisms lI;thin Ihe Earth'S system, giving
fiSC to self-excited climate fluctuations. The
temperature·albedo fcedback mechanism asso.
ci~ted with long Rnd short wave radiation
fluxes at the Eanh's surface are gi"cn comid.
crable attention in glacial and climate mode"
(e.g., Kallen et aI., 1979; Ocrlemans and \"3.n
dcr Veen. 19S4). HOII"c..-cr. nOI until ~tly
(Chu. 1990), the role of bydroloaical cycle on
the climatic varilltion on glacial and
interglacial time·scale5 is gi\'en less attention
althOUgh it is realized that icc freeze/melt and
evaporation/precipitation arc contributors to
the change of air lind ocean temperatures,
Taking hydrological cycle into considcration
several intrinsic time scale5 of the almosphere~
ocean-cr)'osphere climate $J'nem ....ill be dis.
cussed in this paper.

2. ATl\IOSPHERE-OCEAN_CRYOSPHI:RE
CLIMATE SYSTEM

The total surface. icc covered, and open
ocean areas are 5et to be I. N" and 1- N" re­
sp<:ctively(Fig.2), The interactions among the
atmosphere, oceilD, and ice is proposed by Chu
(1990) as follows. From the global point of
\icw, ice ad..-ance iwlatC'S the ocean from tbe
atmosphere and reduces !he heat loss from !he
ocean surface, which in tum decreases the air
temperature and increasC'S the ocean temper_
ature. The air and ocean fud back into the icc
through two difTerem kinds of mechanisms
(Fig.3): (J) thermod}'namical feedback; the in­
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I. INTRODUCTION
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Quantitative reconstruction of dimatic
paramelers from both oceanic and continental
records shows several time scales of the suc·
ccnh'e glacial-interglacial episodes that ha"e
characterized the Earth's climate about the
paSI million )·ean. For example, after analyz­
ing dna from tbe 2,083 m ice core rccon:rcd
by !he Soviet Antarctic Expeditions It Voslot
(EaS! Antarctic). louzd et al. (1982) found sc­
,'ctaI peats (2.5.3, 45.1, and 107.5 tyr) in Ihe
nuiation spectra of the Vonok: isotope tem­
perature, and related these peaks to the astro·
nomical forcing, i.e., the ob~quity of the
Earth's axis (period at 41 kyr) and the
precenion of the equinox (periods at 23 and
19 tyr), Is the climatic variation pUTCly caused
by the external forcing? If w. Ihe climate pre­
diction \liould be rdativdy simple bcca.use it
becomes Ihe forecaSi of the Earth's orbit tilt
and pre«:slIon. In faCl, lhe elimine S)'5tem i5
mIlCh more complicated. The climalic variation
is caused by both external and internal sources
(Fig. I).



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
1993 2. REPORT TYPE 

3. DATES COVERED 
  00-00-1993 to 00-00-1993  

4. TITLE AND SUBTITLE 
Intrinsic Thermodynamical Time-Scales of the
Atmosphere-Ocean-Cryosphere Climate System 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Naval Postgraduate School,Department of 
Oceanography,Monterey,CA,93943 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 
Fourth Conference on Global Change, American Meteorological Society, 433-438 

14. ABSTRACT 
 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 
Same as

Report (SAR) 

18. NUMBER
OF PAGES 

6 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



,.

'. >.
~ "'" •
• ::,:-: "• • :,:::;,::: >», , ,

The atmosphere is heated (or cooled) by
radiation, and heat fluxes (including latent heat
flux) from the air-ocean and air·ice interfaces,
i,e.,

_dl_< -;"c,,-
d'

-;; II [- N,QaJ + (I - .I\'JQ"" + RaJ
P.c". •

where T. is the air temperature. c" is the air
~pecifjc heat, Q", Q•• are, respectively, the heat
fluxes across air·iee and air-ocean interfaces,
R. is the net radiation absorbed by the atmos·
phere. ~nd P. and H. are the characteristic val·
ues of atmospheric density and thickness.

In the present study, it is ~ssum"d that the
water ill the atmosphere is always in the vapor
form. As soon as eOlldemation happem, the
condensed water droplets arc assumed to be
precipitation right away. Therefore. the time
rate change of specific humidity q. is caused by
the excessive surface evaporation over precipi­
tation and ice accumulation

(I a)

CreaSe of occan temperature melts the icc and
causes the ice retreat (negatil'c feedback be­
tween icc and ocean), however, the decrease of
air !emperature causes freezing and makes the
icc further advance (positive feedback between
ice and air); (2) m«'hanical feedback; the
modification of the atmospheric and oceanic
temperatures varies the surface e\'aporation
rate, which in tum changes the sea-level height

and the icc accumulation rate. Both effects
lead to a further change of the ice flow.

Fig,2 Physical processes in the coupled atmos­
phere, ocean, and cryosphcre climate system
(after Chu, 199Q).

(I b)
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where E, Pr, and c, are rates of ocean surface
evaporation, precipitation, and icc accumu­
lation. P. and p, are the characteristic values
of ocean and icc densities.

2.2 Ocean

Similar to the atmosphere, the ocean
thermodynamics can be depicted by

dT~, R 1__ o_ H (N,Q""+(I-I\'/)Q.... + ...
dl P",Cp... ..

Fig.3 Feedback
and ocean.

mechani$ms among alr, ICe,

'"
(2)



where T. is the ocean temperature. c.. is the
ocean specific heat. Q.. is the heat fluxes aeron
ice-occan intmaees. R. is the net radiation ab­
sorbed by the ocean, and H. is thl' occan
Ibiclml'n.

From I thl'nnodynamical point of vil'...·.
the: ocl'an thktnl'u is redu~ ~. the Cltt$Sin
surfae<: e"aporation ratl' E onr pr«ipitation
rale Pr. and b}' the: ice edge f~1\i rale F.

i[{l _ NJp..H..l - -(J - NJpJ..E - P,)a,
_(I_N/)pl\(F)F_N,pI\(_f)F (3)

whl're 1\ is the Heaviside funclion, ,.e .•
h(x)-!. as x;<!:O. and h(x)_O. as x<O.
F>O . is taken as icc freezing; and F<O, is
takcn as icc melting.

The icc is assumed to be isotropic Wilh
thickness fl, (Fig,2). and Ihe ice.spreading rate
is computed by (Weenman. 1957)

I<c_> .. A["'4 p,gH,f (4~

....here II, is Ihe beight between thl' ice top and
the sea·le,·e\ IFig.2). Values of n ''''r)' frem
about 1.5 to 4.2 ",-jth a mean of about 3. and
for randomly oriented potyerystalline ice II
_ 10'C and n" 3. a "alue
tf _ J)( 10··.)',-'.l:P....- is reasonablC' for icc
slress.. The anik bractetS denOl1' ''alues ,,·er·
aged on1 ice thictness.

The change of ie<: coverage N, is due to
icc.sprcading ar.d icc freezing/melting:

Following KiU"'onh (1979). the heat flux is
accomplished through an cnhange coefficient
K and is of Ihe form AlT - Tp. ,,-here T1 rc·
presents the freetina: point of the sea "'atCT'.
The frtt;6ng rate is Iherefore computed by

F __ p;~ {P,.,c".,KJ"T,.-l"fl+poC".KJT.- 7ft]

(6)

where K- K., are the heat exchange coefficients
for .....atCT'·ice and air·ice. respeai"e1y. ~ is Ihe
!atent hc.at of ice. If T., T• • re gruter Ihan TI'
F is taten as a nl'gati"e \"alue, "'hieh indicates
icc melting.

Based on the continuity, Shumski}' (1965)
propose<! a method to determine the change of
ice thickness by comparing the accumulation
rale with horizontal main.rates. Neglecting
nonlinear inertial terms the time rilte change
of icc lhiekncu becomes

(7)

The atmosphere-ocean·eryosphere climate sys.
tern is depicted by (I), (2), (3), (.5). and (7).

2,4 Intrrbciall-fcat F1u-U'~

The heat flues aeross Ihe lir·ocean, air­
icc, ice-ocean inlerfaees chana:e the lherm<ll
features of elIeh component of the
atmosphCTC'oceaO' cry-OSphCTC climate system.
There are man)' different methods to compute
these fluxes, amana: them. the simplest form
"'as propomi by KilI..-onh (1919):

Q..r - po£".KJ,T. - T,)

Q... - p.c""K"J.Tw - T.)

(8)

I

(5)
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3. ROLE OF THE HYDROLOGICAL CY­
CLE

Summation of (lb), (3), (5) multiplied by
H" and (7) multiplicd by N, leads to

~ [(1- .1o,'tlPwll... + p,HINI+ p~f{.q.] -0(9)

which shows the conservation of the water
mass in the Eanh system.

The water vapor evaporated from the
global ocean can be estimated by

where CD is the drag coefficient, V. is the sur­
face wind, q, is the saturated mixing ratio, and
q. is the mixing ratio near the ocean surface.
If the Earth surface is assumed to be covcred
by ocean and icc only, the water vapor evapo­
rated from the occan surface is transported by
thc atmospheric circulation, condensed and
precipitated. The precipitation over ice leads to
icc accumulation. therefore, if the total water
vapor evaporated from the ocean surface is
balanced by the precipitation over OCean (Pr)
and the ice accumulation rate over ice (c,), the
relationship among surface evaporation rate,
precipitation rate (over ocean), and ice accu·
mulation rate should be

(I - N1)p ...(E - Pr) .. NIPf-, (II)

4. TIME SCALES OF THE CLIMATE S't'S­
TEM

In explaining the climatic variability, one
may first ask: is climatic variability caused b}'
external or imernal forcings? The external
forcings are agencies outside the Earth system,
such as astronomically caused changes in the
Earth's orbital parameters. In the
atmosphere-occan-cryosphcre climate system

discussed in this paper, the external forcings
mainly change the radiation absorbed by at_
mosphere (R,) and ocean (R.).

On the other hand, the internal forcings
are processes and mechanisms lIithin the Earth
system, giving rise to self-excited climatic nuc_
watiom. Substitution of (8) into (I) and (2),
leads to thennal relaxation time scales for the
atmosphere

and for the ocean

(13)

The ice·spreading time scale can be dcfmcd
from (5),

Horizontal '" growth {" '" edge
freezing/melting) time scale is obtained from
(5):

H,
'f- F[A(F) A{ m

The perturbed icc accumulation c', is caused
by the perturbed evaporation, precipitation,
and the icc adl'ancemem:

(I tV,)pwc, - V (E - Pr') - [p...(E - Prj + PI',]N'1
I ,PI

(15)

The perturbations of cvaporation and precipi_
tation rates E: and Pr' vary on a much shorter
time scale than the time·scalc for Ice
advance/rctreat. AllOrher time scale for the icc
growth in venical direction can be defined by

4.3&

Prj + PI',]
(16)



Here the variables without" '" means the basic
states. B>' the usc of the values of the param­
eters listed in Table I, these time scales arc es­
timated as:

the low frequency mooes will be generated. If
the coupled system perturbed from iu equilib­
rium states, after mathematical manipulation.
the perturbation equations arc

fl - 4OOyr, f, - 3OOO.rr

Since the atmospheric and oceanic thermal re­
laxation times scales are so much shorter than
the ice-spreading time scale. the atmospheric
and~;uUc temperature perturNotions 1'. and
1'. almOSI ,nstamaneously" folio"' t~ icc
ad...nce retreat processes in the atmosphere­
ocean-cryospherc climate system. !'rom (I) ~nd

(2). we may obtain

1'.. __ .4.,.,..../. 1'.... ,4 ..1 ..""'/ (17)

where

(;, +(I+$lIKl]~

f.. _I ~,...1 _I)"
- ..... I$lJ:. - ,,'/ '" /0,

(20)

(21 )

I::qualion (17) clearly shows the cooling of the
atmosphere (1', < 0) and warming of the ocean
('r~>O) due \0 the icc advance. The per­
turbed ice frceting rate beCOIDI:S ,,'
where

6. LOW FREQUE1\'CY MODES GENER·
ATED BY nlE FEEDBACK i\I[CIIANISM

(22)

Subslitution or(22) into (2O) and (21) leads [0

a te«lnd oJtler algebraic equation for w

wl + iw({l- 0),;1 + (I + I'l + NiI'II'J),;I]-

[[I Xl ) _I -I \' -I _t -I] 0
-<1 +1'1'.'f +l'lI'J' fT, +I'lt,'/ -

o • •ft.".....t. - V ..t ..)

The general solutions of equations (20)
and (21) hal'e the following forms:

(19)

(iB)

(lr'1- h'wI
H,

"•• p.cpoK.d(p/L/Hil. ""," p",cp,..K.../(p,L,H1)

. The perturbed icc spreading rate is computed
by

All the time Kales presented in the last
section au shorter than the time scales of the
suc«ssi"e glacial-interglacial episodes (10-100
kyr) shown in ....ig.1. If we consider the
atmosphere·ocean-cr}'os phere as a one syStem.

(23)

The fmjuellC)" here it a eomplu number, i.e.,
woo Ill, + iI4~ Ill, is a ifoWth rate. and Ill. it the
rmjuenC)·.



7. rREQUENCIES rOR NEUTRAL STA­
BILITY MODES

The model; wilh lCfO growth rate la>, - 0)
are called neutrally stable modes. The solution
of (23) "ith C<I, _ 0 is

"',. ~;I(I'I. - [(1 + IIi + Sll"l'lJIJ]}1/l24)

where

The time scale for the almosphere-ocean­
cr}'osphere c1irn.lte system depends on the ralio
of the lWO shorter lime scales: ~, and T~ Fig,4
shows the dependence ofpcriods (211{C<I.) oflhe
neutrally stable modes on lhe ratio ... When
,. -7.2, the period is 0.3 kyr. which indIcates
lhat the feedback mechanisms among atmos·
phere. ocean. and C1')"osp~can also generate
climate change on 10-100 t)T time scales.

~.,

0.'

10.0

•.• j.-.-,-_....,,~.•L_-C.,.:,---'.:.:---;:IO.O

tJt,

Fir." Periods ,'enus tJT, for Ihe marginal sta­
ble modes.

DISCUSSION

The eon"cnlional theories refer the climate
change on 10·100 klT lime scales 10 the con­
centralian of \'ariancc ncar Ihe Earth's orbit
till ;Ind prC(cssion ffC«uencics (Jouzcl el aI.,
19(7). Ho....e\·er. the conceptual atDlosphere_
ocean'CI'yosphefC model described in lhis paper
shows a ponible positive negatj,'e fL'edbilclt
mechanism, induced by the h)drologicaJ cyclc.
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