
The alkoxide has been additionally identified
by comparison of its infrared, 1H, and 13C{1H}
NMR spectra with those of an authentic sample
prepared from Zn(C2H5)2 and Me3COH (22).

The synthesis of compound 1 suggests
that related complexes of Cd and Hg could
be isolated. It also seems plausible that the
stabilization of the [Zn–Zn]2� unit does not
require the existence of Zn–C bonds, which
means that classical coordination com-
pounds of the Zn2

2� central unit are rea-
sonable targets for future synthetic and
structural studies.

References and Notes
1. F. A. Cotton, G. Wilkinson, C. A. Murillo, M. Boch-

mann, Advanced Inorganic Chemistry (Wiley, New
York, ed. 6, 1999), chap. 15.

2. N. Wiberg, Ed., Holleman-Wiberg Inorganic Chemistry
(Academic Press, New York, ed. 34, 2001), chap. XXIII.

3. R. Faggiani, R. J. Gillespie, J. E. Vekris, J. Chem. Soc.
Chem. Commun. 1986, 517 (1986).

4. D. L. Reger, S. S. Mason, J. Am. Chem. Soc. 115,
10406 (1993).

5. D. H. Kerridge, S. A. Tariq, J. Chem. Soc. A 1967, 1122
(1967).

6. F. Rittner, A. Seidel, B. Boddenberg, Micropor. Meso-
por. Mat. 24, 127 (1998).

7. Y. Tian, G. D. Li, J. S. Chen, J. Am. Chem. Soc. 125,
6622 (2003).

8. P. O’Brien, in Comprehensive Organometallic Chem-
istry II, G. Wilkinson, F. G. A. Stone, E. Abel, Eds.
(Pergamon, Oxford, UK, 1995), vol. 3, chap. 4.

9. J. T. B. H. Jastrzebski, J. Boersma, G. van Koten, W. J. J.
Smeets, A. L. Spek, Recl. Trav. Chim. Pays-Bas 107,
263 (1988).

10. R. Blom et al., Acta Chem. Scand. A 40, 113 (1986).
11. Data were identified by x-ray powder diffraction.
12. Materials and methods are available as supporting

material on Science Online.
13. Two x-ray crystallographic analyses were carried out. The

first made use of Bruker-Siemens Smart 1K charge-cou-
pled device (CCD) diffractometer with a graphite mono-
chromated Mo-K� (� � 0.71073 Å) radiation. Crystal data
for 1 was as follows: C20H30Zn2; molecular weight �
401.18; triclinic; space group P1; Z� 2; T 173 (�2) K; a �
6.9329 (�3) Å, b � 10.8831 (�5) Å, c � 13.8384 (�7) Å,
� � 109.777 (�1)°, � � 101.603 (�1)°, � � 94.201
(�1)°, and V � 951.09 (�8) Å3; goodness of fit � 0.988;
R1[I � 2	(I)] � 0.031; wR2 � 0.076 (all data). Atomic
coordinates, bond lengths, and angles and other important
parameters have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
CCDC 233010. Details of the x-ray crystallographic anal-
ysis are also available on ScienceOnline. The second anal-
ysis was carried out at –173°C (100 K), with the use of

Cu-K� (� � 1.54184 Å) radiation, on a Bruker Smart 6000
CCD system equipped with a rotating anode. The results
of the two determinations are very similar. Data from
the second analysis can be obtained from the authors,
upon request.

14. A compound initially formulated as Co2(

5-C5Me5)2 by

J. J. Schneider, R. Goddard, S. Werner, and C. Krüger
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Regions of Strong Coupling Between
Soil Moisture and Precipitation
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Previous estimates of land-atmosphere interaction (the impact of soil moisture on
precipitation) have been limited by a lack of observational data and by the model
dependence of computational estimates. To counter the second limitation, a dozen
climate-modeling groups have recently performed the same highly controlled
numerical experiment as part of a coordinated comparison project. This allows a
multimodel estimation of the regions on Earth where precipitation is affected by
soil moisture anomalies during Northern Hemisphere summer. Potential benefits
of this estimation may include improved seasonal rainfall forecasts.

Atmospheric chaos severely limits the
predictability of precipitation on seasonal
time scales. Weather forecasts, which rely
heavily on atmospheric initialization, rarely
demonstrate skill beyond about a week.
Hope for accurate seasonal forecasts lies
with simulating the atmospheric response

to slowly varying states of the ocean and
land surface— components of the Earth
system that can be predicted weeks to
months in advance. A systematic response
of the atmosphere to these boundary
components would contribute skill to
seasonal prediction.

The critical importance of the ocean
surface in this regard is well known (1).
Ocean temperature anomalies can be pre-
dicted a year or more in advance (2).
Furthermore, the atmosphere responds par-
ticularly strongly (and predictably) to
ocean temperature anomalies in certain re-
gions—in “hot spots” of ocean-atmosphere
coupling. The eastern equatorial Pacific is
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  Zn(C5Me5)2  +  Me3COH [Zn(OCMe3)2]x  +  2C5Me5H
(excess)

  Zn η2(
5-C5Me5)2  +  Me3COH

(excess)

[Zn(OCMe3)2]x  + Zn  + 2C5Me5H

A

B

Fig. 4. Reactions of Zn(C5Me5)2 (A) and Zn2(

5-C5Me5)2 (B) with Me3COH.
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the most famous oceanic hot spot, playing a
key role in the El Niño–La Niña cycle (3).

Another potentially useful slowly varying
component of the Earth system is soil mois-
ture, which can influence weather through its
impact on evaporation and other surface en-
ergy fluxes. Soil moisture anomalies can per-
sist for months (4), and although a paucity of
observations prevents an unambiguous dem-
onstration of soil moisture impacts on precip-
itation (5), such impacts are often seen in
atmospheric general circulation model
(AGCM) studies (6, 7). Indeed, some AGCM
studies suggest that in continental midlati-
tudes during summer, oceanic impacts on
precipitation are small relative to soil mois-
ture impacts (8).

This suggests a question: Are there spe-
cific locations on the Earth’s surface for
which soil moisture anomalies have a sub-
stantial impact on precipitation? The identi-
fication of such hot spots would have impor-
tant implications for the design of seasonal
prediction systems and for the associated de-
velopment of ground-based and satellite-
based strategies for monitoring soil moisture,
if such impacts were found to be local. In a
broader sense, such identification is critical
for understanding Earth’s climate system and
the limits of predictability therein.

Although AGCM studies (9–12) and even
numerical weather prediction model studies
(13) have addressed this question, published
results are based on different experimental
designs and reflect distinctive features of dif-
ferent model parameterizations. The coupling
question, however, was recently addressed en
masse by a dozen AGCM groups (14), all
performing the same highly controlled nu-
merical experiment. The experiments were
coordinated by GLACE, the Global Land-
Atmosphere Coupling Experiment (15). Each
model contributing to GLACE generated sev-
eral ensembles of boreal summer (June
through August) simulations designed to
quantify that model’s land-atmosphere cou-
pling strength (16) for that season. By com-
bining the results across these models, we
eliminate much of the undesired individual
model dependence. We obtain, in effect, a
unique result: a multimodel average depiction
of the global distribution of land-atmosphere
coupling strength. Given the limitations of
the observational data, both now and in the
foreseeable future, such a multimodel esti-
mate of coupling strength distribution is ar-
guably the best estimate attainable.

Each GLACE participant performed an
ensemble of 16 simulations in which soil
moisture varied between the simulations, and
another ensemble in which the geographical-
ly varying time series of subsurface soil
moisture was forced to be the same across the
16 simulations (17). Coupling strength—the
degree to which all prescribed boundary con-

ditions affect some atmospheric quantity
X—can be estimated (18) for each of the two
ensembles with the diagnostic :

 � (16	2
�X� – 	2

X)/15	2
X (1)

where 	2
X is the intraensemble variance of X

and 	2
�X� is the corresponding variance of

the ensemble-mean time series—the single
time series generated by averaging across the
16 ensemble members at each time interval,
chosen here to be 6 days. We are interested,
of course, in precipitation; to reduce noise,
however, we take X to be the natural loga-
rithm of the precipitation. Performing statis-
tics on the logarithms of precipitation is a
common practice in hydrology and meteorol-
ogy, because unmodified precipitation distri-
butions tend to be highly skewed (19, 20).

A study of the equation shows that outside
of sampling error,  should vary from 0 to 1,
with higher values implying a higher impact
of the atmosphere’s boundary conditions on
precipitation. To isolate soil moisture’s im-
pact on precipitation from that of all other
forcings, such as time-varying ocean temper-
atures and the seasonal variation of solar
radiation, we compute the difference in the 
values between the two ensembles. In simple
terms, this  difference approximates the
fraction of the precipitation variance ex-
plained by variations in soil moisture alone.

Figure 1 shows the global map of the 
difference averaged across all of the partici-
pating models in GLACE. This multimodel
estimation of land atmosphere coupling
strength reveals several distinct hot spots.

Hot spots appear in the central Great Plains of
North America, the Sahel, equatorial Africa,
and India. Less intense hot spots appear in
South America, central Asia, and China.

The positions of the hot spots are not
unexpected (8, 21), particularly if the soil
moisture influence is presumed to be local
rather than remote. Consider first that in wet
climates, for which soil water is plentiful,
evaporation is controlled not by soil moisture
but by net radiative energy. This is illustrated
in Fig. 2, which shows how the  difference
diagnostic, applied to evaporation rather than
precipitation, varies (on average) with soil
moisture. The  difference—the fraction of
the evaporation variance explained by soil
moisture variations—is indeed lowest when
soil moisture is high. Because evaporation in
wet climates is not highly sensitive to soil
moisture variations, precipitation should not
be sensitive to them, either.

Now consider that in dry climates, evap-
oration rates are sensitive to soil moisture
but are also, of course, generally small, as
demonstrated for the models by the dashed
curve in Fig. 2. Intuitively, small evapora-
tion rates should have a limited ability to
affect precipitation. The atmosphere in dry
regions is, in any case, predisposed to limit
precipitation. Only in the transition zones
between wet and dry climates, where the
atmosphere is amenable to precipitation
generation [in particular, where boundary-
layer moisture can trigger moist convection
(22)] and where evaporation is suitably
high but still sensitive to soil moisture, can

Fig. 1. The land-atmosphere coupling strength diagnostic for boreal summer (the  difference,
dimensionless, describing the impact of soil moisture on precipitation), averaged across the 12
models participating in GLACE. (Insets) Areally averaged coupling strengths for the 12 individual
models over the outlined, representative hotspot regions. No signal appears in southern South
America or at the southern tip of Africa.
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we expect soil moisture to influence pre-
cipitation. The major hot spots shown lie
mainly in such transition zones (23).

The insets in the map (Fig. 1) show that
not all of the GLACE models place hot
spots in the regions indicated. In North
America, for example, only half of the
models show a statistically significant (24 )
coupling strength in the outlined region.
The 12 models agree slightly more in the
Sahelian and Indian hotspot regions; nev-
ertheless, throughout the world, there exists
extensive intermodel variability in the
strength and positioning of the hot spots, a
reflection of ongoing uncertainty in the
proper way to represent the physical pro-
cesses defining land-atmosphere coupling
strength. Indeed, some of the models show-
ing a small coupling strength in the insets
also show a low coupling strength every-
where else on the planet. The intermodel
variability highlights the importance of the
averaging process leading to Fig. 1. The
insets support the idea, stated above, that
any single-model analysis of coupling
strength will provide model-specific re-
sults. The patterns revealed by the averag-
ing process are valuable because they show

where many independent models agree that
the land-atmosphere coupling is important.

The plotted hot spots indicate where a
global initialization of soil moisture may en-
hance precipitation prediction skill during
Northern Hemisphere summer (25, 26). Un-
der the assumption that the soil moisture
impacts are predominantly local, the hot
spots indicate where the routine monitoring
of soil moisture, with both ground-based and
space-based systems, will yield the greatest
return in boreal summer seasonal forecasting.
The hot spots are, in a sense, land-surface
analogs to the ocean’s “El Niño hot spot” in
the eastern tropical Pacific.
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Fig. 2. Average relationship between soil wet-
ness (the degree of saturation in the soil) and
two separate aspects of the land-surface ener-
gy budget: the  difference for evaporation
(solid curve, in dimensionless units) and the
average evaporation rate (dashed curve, in cm/
day). Both aspects should have suitably high
values to allow soil moisture anomalies to be
translated into precipitation anomalies; the
plot shows that this mostly occurs for interme-
diate values of soil wetness, i.e., in the transi-
tion zones between wet and dry climates. The
curves are derived by averaging the soil wet-
ness,  difference, and evaporation fields
across the 12 models, constructing scatter plots
for the two relationships with data from non-
ice land points, and then binning the data ac-
cording to soil wetness value.
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