
initial absorbing state to the reactlve state. 
Such rates could depend o n  the Franck- 
Condon factors between speciflc rotational- 
vlbratlonal levels In the two states. 
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A Statistical Model of the Fluctuations in 
the Geomagnetic Field from Paleosecular 

Variation to Reversal 
Pierre Camps* and Michel Prevot 

The statistical characteristics of the local magnetic field of Earth during paleosecular 
variation, excursions, and reversals are described on the basis of a database that gathers 
the cleaned mean direction and average remanent intensity of 2741 lava flows that have 
erupted over the last 20 million years. A model consisting of a normally distributed axial 
dipole component plus an independent isotropic set of vectors with a Maxwellian dis- 
tribution that simulates secular variation fits the range of geomagnetic fluctuations, in 
terms of both direction and intensity. This result suggests that the magnitude of secular 
variation vectors is independent of the magnitude of Earth's axial dipole moment and that 
the amplitude of secular variation is unchanged during reversals. 

T h e  way the  geomagnetic field reverses 
itself remains poorly understood, because of 
the  scarcity of reliable and sufficientlv corn- 
plete paleoillagnetic records of the' same 
reversal froin widely distant sites a t  Earth's 
surface. Tam main uuestions are still unan- 
swered. First, are field reversals and excur- 
sions specific phenomena unrelated to  pa- 
leosecular variation? Although excursions 
and reversals are sometimes considered as 
extrema of secular variation ( I ) ,  all the  
statistical field models produced thus far by 
the  paleomagnetic co~nlnunity are restrict- 
ed to the  description of paleosec~~lar varia- 
tion, which implies that the  paleosecular 
regime (2 )  is physically distinct from the  
reversing regime. However, we know of no  
observation that has confirmed this view. 

T h e  second main question regards the  
composition (ideally, In terms of spherical 
harmonic coefficients) of the  reversine field 
as compared with tha; of the  so-callei "sta- 
ble" field. Absolute paleoi~ltensity data 
show unambiguously that the  field strength 
is considerably reduced during reversals and 
excursions (3-6):  therefore, a large reduc- , , 

tion of the  'dipole moment is needed. Ob-  
viously, the  axial dipole ( A D )  has to  pass 
through zero as the  field reverses. Our  cer- 
tainties stop here. T h e  behavior of the 
euuatorial diuole is not known, nor do we 

k n o a ~  whether the  destiny of the  nondipole 
terms is correlated with that of the  dipole. 
Does the  energy of the  dipole transfer into 
that of some other terms ( 7 ) ,  or does it 
reduce without any correlated change in 
the  other terms (8)? 

Paleomagnetic data allow an  examina- 
tion of these questions from a statistical 
standpoint, provided that the paleofield 
strength is taken into account. For this 
purpose, we compiled a paleornagnetic data- 
base from volcanic rocks that,  in contrast to  
earlier databases (9, l o ) ,  includes rema- 
nence intensity and covers the entire range 
of geomagnetic fluctuations, fro111 paleo- 
secular variation to reversal. T h e  use of 
remanence intensity instead of paleofield 
strength was forced by the  present scarce- 
ness of paleointensity data that precludes, 
in any region of Earth, a proper statistical 
description of paleofield strength. Assum- 
ing that the  average rernanence intensity is 
proportional to the average paleofield 
strength, we propose a statistical model of 
the  local geomagnetic fluctuations. T h e  
agreement between our observations and 
the predictions of this model suggests that 
the  magnitude of secular variation is not 
connected to the  longer term variation of 
the A D  moment. 

Geomagnetic field fluctuations are een- - 
erally analyzed after the  local field vector is 
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as the field deviates more from its basically 
dipolar normal configuration. Consequent- 
ly, our analysis will be carried out at a 
regional scale. The data consist of -3000 
cleaned remanence vectors obtained from 
basaltic lava flows less than 20 million years 
old. The data selection criteria and the 
basic assumptions legitimizing our approach 
are detailed and discussed in (1  1). Because 
of the poor geographic coverage of paleo- 
magnetic data, only in three regions were 
the data subsets large enough to permit a 
statistical description of the field: Iceland 
(1915 vectors); a middle latitude region 
(30" to 60°, 437 vectors); and a low latitude 
region (0' to 30". 389 vectors). The last two - .  
regions are rather wide, because they in- 
clude data from sites with any longitude and 
belonging to both hemispheres. 

No a priori hypothesis was made regard- 
ing the distribution of directions. For each 
region, the mean direction of the n unit 
vectors was calculated from an eigenvector 
analysis and the concentration parameter 
from its formulation. which mav be used to 
describe any type of distribution, K = 
1/(1 - R/n), where R is the resultant length 
(12). For the Icelandic data subset (Fig. I) ,  
the distribution of directions clearly pre- 
sents two main characteristics: It is rota- 
tionally symmetric, which is illustrated in 
Fig. 1A and was also formally tested (13), 
and it does not follow a Fisherian probabil- 
ity (Fig. 1B) (14). Although the formal tests 
are not as clear for the low and middle 
latitude regions as they are for Iceland, they 
do suggest that these two properties, includ- 
ing rotational symmetry, are valid at all 
latitudes, in contrast to the present-day sit- 
uation in which the field vectors are not 
isotropic in the plane perpendicular to the 
mean field direction in the equatorial re- 

gion (15). The rotational symmetry of local 
field directions agrees with the absence of 
VGP confinement, which was found with 
the use of another volcanic database (16). 
The third directional constraint is the con- 
centration parameter K, which decreases 
with latitude (11.0 for Iceland, 9.7 at mid- 
dle latitudes, and 5.9 at low latitudes), as 
could be expected from the paleosecular 
variation analyses carried out in the VGP 
space ( 17). 

In each of our three subsets, average 
remanence intensity decreases regularly as 
the direction deviates from the mean (Fig. 
1C). Qualitatively similar observations 
have been re~orted. either in the VGP 
space (1 8) or in the local geographic space 
(5). In all cases. researchers have assumed . . 
that the remanence intensity of basaltic 
rocks was proportional to the paleofield 
strength. We make the same assumption 
( 1  1 ). There are only two sites at Earth's 
surface for which rather numerous absolute 
paleointensity determinations have been 
carried out: Steens Mountain (4) and West 
Eifel (6). In both regions, a rapid decrease 
in field intensity is observed as the field 
deviates from the AD field direction, which 
is in qualitative agreement with the rema- 
nence data. The Icelandic data can be ap- 
oroximatelv fitted bv two successive linear 
parts with different slopes and intersecting 
near 40" (Fig. 1C). This observation is also 
valid for the middle and low latitude re- 
gions. As a matter of convention, the do- 
main in which the angular deviation from 
the mean direction is less than 40" will be 
called the "paleosecular field domain," and 
the "intermediate field domain" will then 
correspond to the complementary angular 
space. For the purpose of fitting our data 
with the model described below, we chose 

a - - 
C)  
C 

g0.5 
(U - 
a 
5 
V) 

0.5 
Uniform quantile 5 (deg) 6 

Fig. 1. Data and model for the Icelandic data set (0 to 16 million years ago, 191 5 vectors). (A) Q-Q plot 
for the rotated declinations. The linearitv observed between the sam~le auantile ( X  = D'J2n. where D': 
are the rotated declinations) and the q;antile of the uniform distribution iui = (i 0.5)/n: where n is thl 
number of data] gives a graphical assessment of the plausibility of a circular symmetry of the local field 
directions about the principal axis [as we are dealing with both normal and reverse directions, we are 
concerned with the bipolar distribution; see (13), p. 1641. (B) Cumulative distribution function (cdt) for the 
angular distance (8) measured from either the normal or the reverse end of the principal axis.'The dashed 
curve is the empirical cdf calculated from the data. The solid curve indicates the model outcomes, 
assuming magnitude distributions N,, (1,0.2) and N,, (0,0.04). The dotted line is the theoretical cdffor 
a Fisherian distribution such that K~~~~~~ = K ~ ~ ~ ~ .  (C) Geometric mean of the relative intensity versus 6. The 
vertical bars represent the standard errors. To calculate the slopes, which is used as a model constraint, 
we assumed a linear decrease in the intensity in the interval from 0" to 40". 

to characterize each plot of intensity versus 
angular deviation by s, the slope corre- 
sponding to the "paleosecular field domain" 
(0" to 40"). Our observations indicate that 
the local fluctuations of the geomagnetic 
field vector are characterized by a rotation- 
allv svmmetric. non-Fisherian distribution , , 
that can be quantitatively specified for each 
region in terms of the parameters K and s. 

Our statistical model is meant to fit both 
the directional and the intensitv data and 
to cover the entire range of geomagnetic 
fluctuations, from paleosecular variation 
(PSV) to reversals. The local field vector is 
the sum of two independent sets of vectors 
(Fig. 2). The first set consists of vectors 
directed along the average field direction 
and exhibiting a normal distribution of - 
magnitude with a nonzero mean. The global 
analyses of the time-averaged paleomag- 
netic data obtained from volcanic rocks less 
than 5 million vears old show that this 
direction corresponds, in terms of spherical 
harmonic analysis, to an AD coefficient 
plus a small (5%) axial quadrupole term, 
both reversing simultaneously (1 0, 19). For 
simplicity, this component will be called 
here the AD component. Its magnitude 
distribution can be written as N(F,.,~, 
a',,), where N denotes a normal probabil- 
ity density function (pdf) whose mean is p, 

Fig. 2. Geometry of the local field vector (H); H is 
the sum of two independent sets of vectors: the 
secular variation (SV) vector set (uniform orienta- 
tion, magnitude defined by a Maxwell-Boltzmann 
pdf) and the axial (AD) vector set (constant direc- 
tion and magnitude defined by a nonzero mean 
Gaussian pdf). The Maxwell-Boltzmann pdf is 
represented here for a variance equal to 0.04. The 
SV vector lengths become more probable as the 
shaded sectors become more gray. The pdf of the 
axial vector intensity is not illustrated. 
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and whose standard deviation is a .  
T h e  second set, which simulates an  iso- 

tronic secular variation. consists of vectors 
having u~liform orientation while their 
magnitude is distributed according to  a 
Maxwell-Boltzmann pdf. This distribution, 
used by Cox  (15) to simulate only the  non- 
dipole part of secular variation (SV), corre- 
spo~lds to that of the magnitude of a set of 
vectors with their Cartesian coordinates 
distributed as three independent random 
Gaussian variables having the  same N(0 ,  
u2,,) distribution (20) .  T h e  vector sum of 
these two components is a rotationally sym- 
metric non-Fisherlan distribution (21).  

T h e  nresent model differs from PSV 
models that combine either dipole and non- 
dipole fields (15) or equatorially symmetric 
and antisymmetric fields (22) but is similar 
in essence to  the  pioneering model of Irving 
and Ward (23).  T h e  physical basis of our 
inodel is the widely accepted idea that SV is 
created In the near-surface layers of the  core 
bv advection of the  "basic dvnamo field" 
produced by deep-seated fluid motions in 
the  core 124). Hulot and Le Moue1 125) . ' 

proposed that diffusion plays a major role in 
the  building of the  AD, whlch would there- 
fore varv slowlv. Indenendent of this varia- 
tlon, addectiot; of thk basic dynamo field 
near the  core surface would be resnonsible 
for shorter time constant ("secular") varia- 
tions, affecting .in an  isotropic way all the  
spherical harmonic coefficients including 
the  AD. 

Thus, onlv three narameters are reuuired 
to specify the presknt inodel: the L e a n  
((*.AD) and the variance (nZA,) of the  
Gaussian pdf assumed for the slow varia- 
tions of the  axial field vector, plus one 
parameter (us,) specifying the  Maxwell- 
Boltzmann pdf assumed for SV. Further- 
more, it is possible to limit the system to 
only two parameters ( u A D  and us,) nor- 
malized to  the  local mean intensity of the  
A D  field ( p A D )  because our experimental 
constraint yields only a relative intensity 
variation. Notwithstanding the  simplicity 

of this model, the  analytical expressions of 
K and s as a function of the  two tnodel 
parameters are probably intractable. Hence, 
we used a Monte Carlo siinulation (20,000 
random colnbinations of each of the  two 
vectors) to investigate its statistical charac- 
teristics. A simple case, assuming a constant 
A D  field vector ( u L D  = O), for which an  
analytic solution of K as a function of u2sv 
is available (12),  was computed first to ell- 
sure that our sinlulation is operating cor- 
rectly. Then ,  K and s were calculated from 
the  outcomes of comvuter simulations for 
several discrete values of uZAD and u2sv 
Our  nlodel is not  constrained when only 
one data parameter ( K  or S )  is known: var- 
ious combinations of u2,, and 02sv could 
account for a narticular value of K or S .  In  
contrast, combining K and s should provide 
a single model if the directional and inten- 
sity data are both statistically representative 
of the  local field fluctuations. 

There is no  doubt that our Icelandic data 
set ( 0  to 16 lnlllion years old) is the  best 
documented and should be statistically rep- 
resentative. T h e  inodel fits the  paleomag- 
netic data relnarkably well (Fig. 1):  both 
the  distribution of angular deviation and 
the  dependence of the  average field 
strength versus angular deviation are simu- 
lated almost exactlv. For the  low and mid- 
dle latitude regions, there is only one pa- 
rameter to  adjust (a,,) because u A D  is al- 
ready known. Figure 3 shows the  data and 
several fits obtained for the low latltude 
data set. For the  corresnondinr time inter- " 

val ( 0  to 5 million years ago) uZAD was 
found to  be 0.25 from the Icelandic data set. 
T h e  model cannot sim~~ltaneously fit the  
two plots displayed (Fig. 3) :  depe~lding o n  
the  diagram used, uZsv varies from 0.17 to  
0.44. W e  believe that this uncertainty is 
due to the  poor representativeness of the  
data, as is attested by the  irregularity of the  
cumulative plot of frequency versus angular 
deviation (Fir. 3B), which throws sorne 

u 

doubt o n  the  actual value of K. O n e  can also 
have some doubts ahout the statistical rep- 

1 0  1 A 
1 0  

al 

b 

Q 

E 
m 

0 0 5 1 0 0 30 60 90 0 30 60 90 
Unrform quantile 8 (deg) 8 (deg) 

Fig. 3. (A through C) Data and models for the low latitude sites (lattude 0" to 30°, 0 to 5 million years 
ago, 389 vectors). Same dlagrams as in Fig. 1 .  The variance of the AD vector, calculated from the 
Icelandic data set (0 to 5 mllion years ago), IS 0.25 for the three different models represented by a ,  b, and 
c In (B) and (C). Then we fixed u2,, assumlng either that a2,,/u~,, IS  independent of latitude (model 
a),  K,,,,,,,~ = (model b, wlth u',, = 0 44) or s ,,,,, = s,,,, (model c ,  wlth a',, = 0 17). 

resentativeness of the  intensity diagram 
(Fig. 3 C )  because of the very small number 
of distinct excursions or reversals recorded 
in the  low latitude data set. W e  therefore 
suggest provisionally that to model the  field 
a t  this latitude a value of uZs, = 0.30 i- 
0.15 he used. A similar approach applied to 
the  middle-latitude data 10 to 16 ~nillioll 
years ago) yields a inore constrained uZsv 
value (0.40 t- 0.05). 

As a further test of the  validity of our 
model, we have calculated the  distribution 
of relative virtual dinole moments (VDMs) 
deduced from our icelandic local' model. 
Figure 4 compares this distribution to  the  
observed one. ohtailled from a cornnilation 
of Thellier-type paleointensity data carried 
out from nonintermeiliate directions ob- 
tained from all over the  world (26) .  There is 
n o  obvious disagreement between our mod- 
el and the experimental data, which sug- 
gests that the  tnodel correctly predicts the  
paleofield strength distribution. 

Four m a n  sets of conclusions can be 
drawn from this study. 

1 )  T h e  fact that paleomagnetic direc- 
tlons, although axisymmetrically distribut- 
ed, do  not obey a Fisherian distribution, has 
a fundamental geomagnetic significance: 
T h e  field fluctuations are not isotropic. 
They  are much larger along the  A D  direc- 
tion. Our  model suggests that the  variability 
of the  A D  results mainly from the  slow 
changes due to diff~ision (25) ,  which are not 
considered in S V  analyses. 

2) W e  used intensitv of remanence as a 
substitute to paleofield strength because pa- 
leointensity data are at present too scarce to 
provide a statistically valid description of 
the  field fluctuations in magnitude. It is 
clear, however, that the  validity of the  

- Data 1 
- -4 . -  Model 1 

VDM (1 OZ2 A m2) 

Fig. 4. D~stribution of the VDM calculated from 
Thellier-type paleointensity exper~ments (26) for 
the last 16 million years compared with the distr- 
butlon simulated from the Icelandic model. VDMs 
associated wlth transltlonal VGPs (VGP latitude < 
40") are not included. The dstrlbutlon of paleoln- 
tensty (whlch IS not considered for specitying the 
model parameters) seems therefore to be correct- 
ly simulated by this model 
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Dresent fteld model needs to he confirmed 
by absolute p a l e o ~ n t e n s ~ t ~  measurements. 

3 )  Even through the use of remanence 
intensity, paleornagnetic data remain too 
scarce to allow the  elaboration of a rellable 
global field model. It is necessarv to estab- 
u 

lish first the  geographic dependence (on  
both latitude and longitude) of the atnpli- 
tude of SV as expressed by 02sv 

4) T h e  f ~ ~ n d a m e n t a l  assunlptton In our 
model is the  indevendence of the maeni- 
tude of S V  vectors regardless of the  longer 
term variation of the  A D  even when it 
decreases to zero. T h e  agreement between 
our model and the  paleomagnetlc data pres- 
ently available suggests that this hypothesis 
is verified. This concluston supports the  
tangential geostrophic model of SV,  which, 
according to  theoretical inferences (27),  
lmplles the  independence of the  magnitude 
of SV vectors with respect to the  magnitude 
of the AD.  N o  transfer of the  A D  energy 
into other harmonic coeff~cients seems to 
occur during reversal, contrarv to  hvoothe- , 
ses proposedY in several reversal models (7) .  
W e  have n o  evidence for the  decrease in 
the  magnitude of S V  vectors during reversal 
that can be inferred from the  results of a 
recent computer simulation of an  individual 
geomagnetic reversal (28).  
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Absorption of Solar Energy in the Atmosphere: 
Discrepancy Between Model and Observations 

Albert Arking 

An atmospheric general circulation model, which assimilates data from daily observa- 
tions of temperature, humidity, wind, and sea-level air pressure, was compared with a 
set of observations that combines satellite and ground-based measurements of solar 
flux. The comparison reveals that the model underestimates by 25 to 30 watts per square 
meter the amount of solar energy absorbed by Earth's atmosphere. Contrary to some 
recent reports, clouds have little or no overall effect on atmospheric absorption, a 
consistent feature of both the observations and the model. Of several variables con- 
sidered, water vapor appears to be the dominant influence on atmospheric absorption. 

R e c e n t  studies indicate that there are sub- 
stantial discrenancies between models and 
observations in the  disposttion of solar en- 
ergv within Earth's climate svstem (1-6). ", . . 
Of the global average solar energy incident 
at the  top of the atmosphere ( T O A )  (342 
W mP2) ,  approximately 30% (102 W m p 2 )  
is reflected back to  space; the  remainder 
(240 W m p 2 )  is absorbed bv the  atmosuhere 
and the  surface. T h e  pariitioning o? this 
absorbed energy between the  atmosphere 
and the surface is an  imvortant factor in 
determining the  circulation of the  atmo- 
sphere and the  resulting temperature distri- 
bution (7 ) ,  and is now the  subject of debate. 

Comparison of a general circulation 
model ( G C M )  with observations at 720 
surface sites collected in the  Global Energy 
Balance Archive (GEBA) (8) showed that 
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the  model overestimates by 10  to  15 W m p 2  
the  global average solar flux absorbed by the  
surface (1 ). This result is consistent with a n  
excess of 9 to  18 W n p 2  in the  downward 
solar irradiance a t  the  surface in four other 
models, which were compared with obser- 
vattons a t  93 GEBA sites (2) .  

T h e  global mean solar flux absorbed in 
the  atmosphere in four GCMs ranges from 
5 6  to  68 W m p 2  (3) .  These values are 
considerably smaller than those derived 
from observations a t  -1000 GEBA sites 
and extended globally by means of empiri- 
cal relations, 98 W mP2 (8 ) ,  and are closer 
to the atmospheric absorption value derived 
from satellite-based estinlates of surface 
flux, 65 to 83 W m p 2  (3) .  T h e  satellite- 
based esttmates use radiative transfer codes 
to determine atmospheric absorption, so 
that comparing G C M  absorption with sat- 
ellite-based absorption is essentially a com- 
parison of models. However, the  upper end 
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