primary magnetic response of single-crystal
Fe whiskers are accurately characterized by
a model for localized magnons on a Gaus-
sian size distribution of independently re-
laxing domains.
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South Asian Summer Monsoon Variability
in a Model with Doubled Atmospheric
Carbon Dioxide Concentration

Gerald A. Meehl* and Warren M. Washington

Doubled atmospheric carbon dioxide concentration in a global coupled ocean-atmosphere
climate model produced increased surface temperatures and evaporation and greater
mean precipitation in the south Asian summer monsoon region. As a partial consequence,
_interannual variability of area-averaged monsoon rainfall was enhanced. Consistent with
the climate sensitivity results from the model, observations showed a trend of increased
interannual variability of Indian monsoon precipitation associated with warmer land and

ocean temperatures in the monsoon region.

Variability of the south Asian summer
monsoon, of which the Indian monsoon is a
major part, is manifested by extreme events
(droughts and floods) that have consider-
able impacts on human society and agricul-
ture. Previous climate-modeling studies
have shown greater mean south Asian sum-
mer monsoon rainfall attributable to cli-
mate change caused by an increase of atmo-
spheric CO, concentration (1). However,
changes in variability that probably are of
greater importance to society (2) have re-
ceived little attention (3). This is so be-
cause global coupled ocean-atmosphere cli-
mate models capable of internally generat-
ing some aspects of variability of the cou-
pled climate system have only recently been
integrated for a sufficient length of time to
begin to address such issues. In this report,
we describe possible changes to south Asian
summer monsoon variability based on a
global coupled ocean-atmosphere climate
model and compare the results with obser-
vations. This comparison allowed us to iden-
tify physical processes that may contribute to
changes in south Asian monsoon variability
in a future CO,-enriched climate.

In our simulation, the global atmospher-
ic model had an approximate horizontal
resolution of 4.5° latitude by 7.5° longitude
and nine vertical levels. Clouds were com-
puted, and soil moisture was parameterized
by a simple reservoir formulation. The glob-
al ocean model had a coarse grid (5° by 5°)
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and four vertical layers and included a
simple thermodynamic formulation for the
freezing and melting of sea ice. Coupling
between the model components involved
sea-surface temperature (SST) from the
ocean and net heat flux, freshwater flux,
and wind stress from the atmosphere.

The global coupled ocean-atmosphere
climate model contains errors that are the
products of flaws in each of the components
as well as errors compounded by coupled
interactions at the air-sea interface (4).
The errors in the basic state are representa-
tive of the inherent limitations of the cur-
rent generation of coupled models and re-
flect our lack of understanding of certain
coupled processes in the observed climate
system and our inability to fully capture
such processes in models. Yet, this model
and others like it have been shown to
simulate successfully fundamental features
of the coupled climate system. Consequent-
ly, they have been quite useful for basic
CO, climate sensitivity studies, for insight
into coupled processes in the observed sys-
tem, and for preliminary indications to
policy-makers of possible future climate
changes (I, 3). Previous results for CO,
climate sensitivity (3) and process studies
(5) are similar in various models in spite of
different formulations, types of model er-
rors, and degrees of model error correction.
This similarity suggests that there is a ro-
bustness of the climate simulations that
gives us a degree of confidence in the
results.

Because there are no corrections that
force the model climate to the observed
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state, the coupled ocean-atmosphere model
produces tropical SSTs that are cooler and
more zonally uniform than observed (I, 3,
6-8). Consequently, the overall land-sea
temperature contrast, the fundamental
forcing of the monsoon circulation (9), is
enhanced in the coupled model compared
with the observed system. This enhance-
ment contributes to greater onshore flow,
less rainfall over ocean, and somewhat
more rainfall over land, particularly over
Bangladesh, compared with observations
and a simulation with the same model that
had SSTs prescribed to observed values (6,
10). Even with this systematic error in the
coupled model, the basic monsoon seasonal
evolution and rainfall patterns are still com-
parable with observations.

We focused on results from years 21 to 65
(time series from the model are available
after year 20) of the control run with present
atmospheric CO, concentration (1 X CO,)
compared with an experiment with doubled
CO, concentration (2 X CO,). The dou-
bled CO, experiment had larger climate
anomalies (greater signal-to-noise ratio)
than a transient experiment over the same
period in which CO, increased 1% per year
(6). The overall features at the end of the
transient integration were similar to those
throughout the 2 X CO, experiment. There-
fore, the conclusions derived from the 2 X
CO, experiment are likely to be robust with
respect to the history of CO, input. Results
for the Indian area were similar to those from
the larger south Asian region in the model,
and thus we make qualitative comparisons
between the model results and an index of
area-averaged precipitation covering only
India (11). Model results are for the seasonal
average of June, July, and August, whereas
the observed index is for June through Sep-
tember (model results are similar for June
through September).

For both the control case (Fig. 1A) and
the case with doubled CO, concentration
(Fig. 1B), the south Asian monsoon precip-
itation averaged for all land points in the
area 5° to 40°N, 60° to 100°E showed little
trend over the 45-year period. Though not
at final equilibrium, this is consistent with
the small trends of globally averaged tem-
perature on this time scale in the model
(8). The mean south Asian precipitation in
the control case (6.40 mm day~!) was
somewhat less than the 45-year (1946 to
1990) observed Indian monsoon index
(6.99 mm day~!). The standard deviation
(SD) of area-averaged precipitation from
the control case (0.49 mm day™!) was also
less than observed (0.71 mm day™!). If
precipitation from only the nine grid points
over India were averaged from the model,
the mean of 7.01 mm day~! was close to the
observed value, but the SD was higher
(1.40 mm day~!). The control simulation
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Fig. 1. Area-averaged summer (June through
August) monsoon precipitation in south Asia (5°
to 40°N, 60° to 100°E) in millimeters per day for
(A) the control case (present CO, concentration)
and (B) the case of doubled CO, concentration.
Solid line is the 45-year mean; dashed lines
indicate 1 SD; dots indicate the years used in
the weak and strong monsoon composites.
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appears to have generated about the right
range of interannual variability for this
45-year period compared with the observed
monsoon, although the variability over In-
dia itself was somewhat larger.

For the simulation with doubled CO,
concentration, the area-averaged mean
south Asian precipitation increased by
6.3% to 6.80 mm day~! with an SD of 0.65
mm day~!. Consistent with other models
(1), this increase in mean precipitation can
be attributed to land areas warming faster
than oceans. Thus, the land-sea tempera-
ture contrast was enhanced, and moisture
convergence over land intensified. In addi-
tion, the variability of monsoon precipita-
tion was greater than that in the control
case (SD increased to 0.65 mm day~! from
0.49 mm day~%; an F test on the variances
showed the increased variability significant
at the 5% level).

To examine changes in the absolute
amounts of precipitation, we defined weak
and strong monsoon seasons when area-
averaged precipitation was more than 1 SD
from the mean (Fig. 1). The mean precip-
itation in the weak monsoon years was only
slightly higher for the 2 X CO, case (5.97
mm day~!) than for the control (5.69 mm
day~1). However, the average precipitation
in strong years was considerably greater in
the 2 X CO, experiment (7.95 versus 7.14
mm day~!). This increase was a result of
both the higher mean precipitation and
enhanced variability in the simulation with
doubled CO, concentration.

The geographical distribution of the dif-
ferences, important for determination of
what areas are most affected by monsoon
variability in the model, showed that the
precipitation difference pattern of weak mi-
nus strong years was similar in both the
control and the 2 x CO, cases (Fig. 2).
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Fig. 2. Weak minus strong monsoon composite
differences (millimeters per day), June through
August. (A) 1 x CO, control case, (B) 2 x CO,
case. Differences greater than 4.0 mm day~'
are stippled (negative) or hatched (positive).

Moisture deficits in weak years covered
most of India and Bangladesh with in-
creases above the mean in east Asia. This
pattern has also been seen in observed
rainfall variability over southern Asia (12).
However, the magnitude of the differences
was greater in the simulation with doubled
CO, concentration (about 2 mm day~1),
indicative of the enhanced variability noted
for area-averaged precipitation (Fig. 1).

Area-averaged differences of other ele-
ments involved with the hydrological cycle
for the 1 x CO, case (Table 1) showed a
warmer, drier land surface with less evapo-
ration and decreased precipitation and
evaporation over ocean areas, which is
representative of weak monsoon condi-
tions. Consistent with observations (13,
14), there was less moisture flux from the
Indian Ocean as well as a reduced land-
surface moisture supply during weak mon-
soons in the coupled model.

In the doubled CO, case (Table 1), the
sign of the differences was the same as in
the control case (except for Indian Ocean
SST, for which the area-averaged differ-
ences were near zero in both cases), but the
magnitudes were greater. Thus, there was
enhanced variability in other hydrological
elements in addition to precipitation. A
major process that contributed to this in-
creased variability was a consequence of
higher mean surface temperatures (caused



Table 1. Area averages computed over south Asia (land points in the area 5° to 40°N, 60° to 100°E)
and the Indian Ocean (ocean points in the area 15°S to 30°N, 40° to 110°E). Weak and strong
monsoon years for the control (1 x CO,) case and the 2 x CO, case are taken from Fig. 1 for
area-averaged south Asian precipitation that exceeds 1 SD.

Elements of 1 x CO, 2 x CO,
hydrological
cycle Weak  Strong Difference Weak  Strong Difference
South Asia
Surface temperature (K)  299.83 299.07 +0.76 301.28 300.16 +1.12
Precipitation (mm day~") 5.69 714 —1.45(—-25%) 597 795 —1.98 (—33%)
Evaporation (mm day~") 3.07 3.67 —0.60 (—20%) 3.21 397 -0.76 (—24%)
Soil moisture (cm) 3.86 476 —0.90 (—23%) 3.79 519 —1.40 (—-37%)
Indian Ocean

Surface temperature (K) 29725 29732 -0.07 208.32 298.30 +0.02
Precipitation (mm day~—") 412 446 —0.34 (—8%) 4.32 470 —0.38 (—9%)
Evaporation (mm day~") 4.61 475 -0.14 (-3%) 4.76 495 -0.19 (—4%)

in this case by the increase of CO, concen-
tration) that produced a nonlinear increase
of evaporation (15) and proportionately
greater mean moisture sources in the 2 X
CO, case (note the larger negative differ-
ences for the 2 X CO, case for precipita-
tion, evaporation, and soil moisture over
south Asia and precipitation and evapora-
tion over the Indian Ocean).

Another major influence on variability
in the Asian monsoon is El Nifio-Southern
Oscillation (ENSO). Phenomena similar to
ENSO occur in the coupled model (SST
anomalies develop in the eastern Pacific
and subsequently become established in the
central equatorial Pacific), and the influ-
ence of ENSO is felt in the Asian monsoon
sector as observed (16). For example, the
correlation between area-averaged sea-level
pressure (an indicator of monsoon strength)
for the June through August season over the
Indian Ocean and SST in the eastern trop-
ical Pacific (10°S to 10°N, 150° to 90°W,
referred to as Nifio3) was +0.54 during a
50-year period in the coupled model (years
21 to 70 in the control run; high pressure
indicative of a weak monsoon was positive-
ly correlated with high SSTs in the tropical
Pacific). In terms of ENSO event phenom-
ena, 5 of the 8 years with extreme anoma-
lously warm SSTs in the Nifo3 area were
associated with below normal south Asian
monsoons; 6 of 9 years with extreme anom-
alously cold SSTs in the Nifio3 area had
above normal monsoons. Therefore, there
was a link between SST anomalies associ-
ated with ENSO-like phenomena in the
tropical Pacific and the strength of the
south Asian monsoon in the coupled mod-
el, but this connection was weaker than
that observed (17). Another regional pro-
cess associated with monsoon variability in
the model was Asian snow cover in the
spring before the summer monsoon season.
As observed (14, 18, '19), increased snow
cover in the model was associated with
weak monsoons and warm SSTs in the
tropical Pacific and vice versa for decreased

snow cover in both the control and doubled
CO, cases.

These results, along with those present-
ed in a study of changes to ENSO-like
phenomena in the coupled model with
doubled CO, concentration (7), showed
that there would be some enhanced contri-
bution to a weaker monsoon during years
with anomalously warm SSTs in the tropi-
cal Pacific with doubled CO, and vice versa
for cool SSTs. These influences from
ENSO-like phenomena in the doubled CO,
climate would add to the regional processes
described above to produce enhanced vari-
ability of monsoon precipitation.

For a comparison with the model results,
we examined observed surface-air tempera-
ture anomalies (I, 3, 20, 21) and the
Indian monsoon index for two 20-year pe-
riods from the post-World War II era (Fig.
3). These data showed that both the south
Asian monsoon land area and the Indian
Ocean warmed more from 1971 to 1990
than from 1946 to 1965 but that the warm-
ing was greater over the Indian Ocean (an
absolute increase of 0.28°C compared with
0.07°C over land). Consistent with this
decrease in land-sea temperature contrast,
monsoon rainfall over India was less from
1971 to 1990 (6.87 mm day~!) than from
1946 to 1965 (7.17 mm day~!). Calcula-
tions made from separate 5-year periods
were similar. Various models (including the
present one) have been shown to reproduce
this basic relation (decreased land-sea tem-
perature contrast associated with a weak
monsoon and vice versa for a strong mon-
soon) for various boundary forcing condi-
tions (22). Yet, in the model with doubled
CO, concentration, although both land
and ocean warmed, the land warmed faster
than the ocean, thus increasing the mean
land-sea temperature difference; this differ-
ence intensified the mean monsoon in con-
trast to the trend in the observations. How-
ever, the observations are consistent with
the model results concerning variability in
that the SD of monsoon precipitation over
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Fig. 3. Twenty-year averages for 1946 to 1965
and 1971 to 1990 for an all-India monsoon
precipitation index (top axis), June through
September (77), and annual mean area aver-
ages computed over south Asia (land points
only in the area 5° to 40°N, 60° to 100°E) and the
Indian Ocean (ocean points only in the area
15°S to 30°N, 40° to 110°E) for observed sur-
face air temperature anomalies T’ (bottom axis)
relative to the 1951 to 1980 mean (7, 3, 20, 21).

India during 1971 to 1990 increased to 0.79
mm day~! (from 0.64 mm day~' during
1946 to 1965) as both land and ocean
surface temperatures rose. Also consistent
with the model results are observed in-
creases of evaporation that have been doc-
umented for the tropical oceans in the more
recent period (23, 24).

This model (and others) is able to repro-
duce many elements of the monsoon asso-
ciated with land-sea temperature contrast
(14, 18, 19, 22) and is also capable of
representing most known coupled processes
that affect monsoon interannual variability.
Consequently, it is likely that the model is
at least qualitatively correct in its represen-
tation of increased interannual monsoon
variability, which agrees with observations.
The discrepancy with observed changes of
recent land-sea temperature difference and
mean monsoon strength implies that there
is low-frequency variability in the observed
system in addition to the forcing from
increased CO,. Resolution of these issues
requires an increased understanding of the
processes that determine decadal and longer
time scale changes of SST, land tempera-
tures, and precipitation in the observed
monsoon system (I1, 25) and improved
global coupled climate models, especially in
regards to land-surface processes.
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A 3620-Year Temperature Record from Fitzroya
cupressoides Tree Rings in Southern South America

Antonio Lara* and Ricardo Villalba

A tree-ring width chronology of alerce trees (Fitzroya cupressoides) from southern Chile
was used to produce an annually resolved 3622-year reconstruction of departures from
mean summer temperatures (December to March) for southern South America. The
longest interval with above-average temperatures was from 80 B.C. to A.D. 160. Long
intervals with below-average temperatures were recorded from A.D. 300 to 470 and from
A.D. 1490to 1700. Neither this proxy temperature record nor instrumental data for southern
South America for latitudes between 35° and 44°S provide evidence of a warming trend
during the last decades of this century that could be related to anthropogenic causes. The
data also indicate that alerce is the second longest living tree after the bristlecone pine

(Pinus longaeva).

Climatic records from weather stations as
well as proxy sources are scant for the
Southern Hemisphere compared with those
for the Northern Hemisphere (1—4). How-
ever, Southern Hemisphere climate records
are crucial for understanding the global
climatic system because climatic differences
between the Northern and Southern hemi-
spheres could provide relevant clues to the
mechanisms that underlie global climatic
change (5). Long, high-resolution paleo-
temperature records from the Southern
Hemisphere are needed to assess the spatial
patterns and extent of global warming (2).
Here, we present an annually resolved,
3622-year summer temperature reconstruc-
tion from a tree-ring width chronology of
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R. Villalba, Department of Geography, University of
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alerce trees (Fitzroya cupressoides) from
southern Chile.

Southern South America presents a
unique opportunity for obtaining terrestrial
climate proxy records in a region that is
under the influence of both Antarctic and
mid-latitude atmospheric circulation pat-
terns (6). Tree-ring records from Argentina
and Chile have proved useful for tempera-
ture and precipitation reconstruction (7, 8)
as well as for estimating the latitudinal
shifts of the Pacific high-pressure cell (9)
and the occurrence of El Nifio-Southern
Oscillation events (10). Earlier studies of
alerce produced a 1534-year ring-width
chronology (I11) and a 1120-year recon-
struction of mean summer temperature vari-
ations for northern Patagonia (7).

We collected radial wedges from alerce
stumps from a mixed conifer-broad-leaved
stand that was logged from 1975 to 1976
and cores from living trees taken with
increment borers in other nearby unlogged
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stands. These stands were located at 860- to
890-m elevation on the western slope of the
Andes near Lenca in south-central Chile
(41°33’S, 72°36'W; Fig. 1). The climate at
the site is oceanic temperate with decreases
in the summer rainfall (12). Lago Chapo,
18 km northeast of the study site at 240-m
elevation, has a mean annual temperature
of 10.3°C and receives 4140 mm of mean
annual precipitation (I13). Radial wedges
and cores were surfaced and cross-dated,
and ring widths were measured according to
standard methods (14).

Of the 96 samples examined, only 43
radii (21 wedges and 22 cores) from 38 trees
were successfully cross-dated. The mean
length radii was 867 years (the range was
325 to 2248 years). The oldest alerce tree
was dated from a wedge collected from a
stump of a tree cut in 1975. Cross dating of
the inner 1440 years of this tree indicated
that it was 3613 years old. There were 57
locally absent rings out of a total of 37,260
rings in the cross-dated data set (0.15%).
We detrended ring widths into dimension-
less indices to remove the effects of changes
in tree growth that resulted from aging, to
homogenize the mean and variance, and to
produce a standard chronology for the site
(15). Different curve-fitting procedures for
the computation of the tree-ring indices
were tested (16). Pre-whitened residual se-
ries were combined to produce a mean
chronology suitable for climate reconstruc-
tion.

Paleoclimatic interpretation of the
Lenca chronology was based on the relation
between alerce growth (expressed as annual
tree-ring indices) and available regional
temperature and precipitation records from
Chile and Argentina between 39° and
44°S. We investigated these relations using
response and correlation functions (17, 18)
for various monthly and seasonal combina-
tions of the meteorological records. There
was a significant negative linear relation
(slope = —2.24; SE = 0.45) between
alerce tree-ring indices and previous sum-
mer (December to March) mean tempera-
ture for the period from 1910 to 1987 for a
regional average of the following meteoro-
logic stations: Colluncé, Bariloche, Esquel,
Mascardi, and Sarmiento. These stations
are located in Argentina east of the Andes,
140 to 485 km from the study site (Fig. 1).
A similar but weaker negative relation be-
tween tree-ring indices and mean prior
summer temperature (slope = —1.57; SE =
0.54) was seen for the interval from 1910 to
1987 with the use of a regional record from
four stations (Valdivia, Isla Teja, Punta
Galera, and Lago Chapo) located in Chile
west of the Andes, 18 to 170 km from the
sampling site (Fig. 1). The larger standard
error associated with this regional record
may be because the Chilean stations are




