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Abstract Most major features of the interdecadal shift in
boreal winter-spring precipitation over the American
continents associated with the 19761977 transition are
reproduced in atmospheric general circulation model
(GCM) simulations forced with observed sea surface
temperature (SST). The GCM runs forced with global
and tropical Pacific SSTs produce similar multidecadal
changes in precipitation, indicating the dominant influ-
ence of tropical Pacific SST. Companion experiments
indicate that the shift in mean conditions in the tropical
Pacific is responsible for these changes. The observed
and simulated “‘post- minus pre-1976” difference in Jan—
May precipitation is wet over Mexico and the southwest
U.S., dry over the Amazon, wet over sub-Amazonian
South America, and dry over the southern tip of South
America. This pattern is not dramatically different from
a typical El Nifio-induced response in precipitation.
Although the interdecadal (post- minus pre-1976) and
interannual (El Nifio—La Nifia) SST anomalies differ in
detail, they produce a common tropics-wide tropo-
spheric warmth that may explain the similarity in the
precipitation anomaly patterns for these two time scales.
An analysis of local moisture budget shows that, except
for Mexico and the southwest U.S. where the inter-
decadal shift in precipitation is balanced by evaporation,
elsewhere over the Americas it is balanced by a shift in
low-level moisture convergence. Moreover, the moisture
convergence is due mainly to the change in low-level
wind divergence that is linked to low-level ascent and
descent.
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1 Introduction

The influences of tropical sea surface temperature
(SST) anomalies on the precipitation over the Ameri-
can continents on the interannual time scale are well
known (Ropelewski and Halpert 1987). During El
Nifio, the southern edge of the U.S. and northern
Mexico are typically wetter, northern Brazil and the
Caribbean are drier, and southeastern South America
is wetter than normal. The simultaneous occurrences
of interannual climate anomalies in both hemispheres
reflect their common origin in the tropical SST
anomaly (Seager et al. 2003). Atmospheric general
circulation models (GCMs) forced by El Nino SST
anomalies have successfully simulated the inter-Amer-
ican precipitation pattern, an important basis for the
two-tier system of seasonal prediction (e.g., Goddard
et al. 2001). Looking for further evidence of the
tropical control of midlatitude precipitation, recent
studies have qualitatively reproduced prolonged North
American droughts with atmospheric GCMs forced by
observed tropical SST (Hoerling and Kumar 2003;
Schubert et al. 2004; Seager et al. 2005, manuscript
submitted to J. Climate). Following these develop-
ments, a natural and important extension that we will
pursue in this study is to investigate the relationship
between the interdecadal changes in tropical SST and
precipitation over the Americas.

Unlike interannual variability that can be explained
by recurring El Nifios, the causes of multidecadal vari-
ability or trends in tropical SST remain a matter of
investigation, with possibilities ranging from internal
ocean—atmosphere dynamics (e.g., Gu and Philander
1997; McPhaden and Zhang 2002; Seager et al. 2004;
Karspeck et al. 2004), changes in the characteristics of
El Nino (Fedorov and Philander 2001), to greenhouse-
gas forcing (e.g., Cane et al. 1997; Boer et al. 2004).
Leaving the ocean dynamics aside, this work aims to
investigate how the atmosphere and the precipitation
over land in the American sector respond to the inter-
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decadal changes in SST when the latter are given. The
observed interdecadal changes in tropical SST and many
atmospheric variables (e.g., global angular momentum,
Huang et al. 2003; tropically averaged 200 hPa height,
Kumar et al. 2004) for the second half of the twentieth
century are not smooth but are distinguished by a
“shift” in the late 1970s (Trenberth 1990), often called
the 1976-1977 transition. The fact that the post- and
pre-1976 periods have distinctive means provides a
convenient setting for our investigation of the multi-
decadal SST-precipitation relationship. Our strategy is
to bypass an analysis of the detailed temporal evolution,
containing all time scales, of the SST and precipitation
for the second half of the twentieth century, and instead
focus on the difference between the post- and pre-1976
epoch means. As an extension of previous GCM studies,
we will determine whether an AGCM forced by the
difference in tropical SST across the 1976 transition can
simulate the corresponding interdecadal shift in precip-
itation over the Americas.

Using two GCMs different from the one used in the
present study, Kumar et al. (2004) have recently looked
at some aspects of the SST-precipitation relationship on
the interdecadal time scale. They pointed out that, de-
spite an increase in the tropics-wide temperature asso-
ciated with the increase in tropical SST for 1950-2000,
the precipitation over land in the tropics has decreased.
This feature, which we will confirm, suggests that the
change in precipitation could be more than just an
intensification of the local recycling of water, namely, an
increase in temperature leads to more evaporation that is
balanced by more precipitation back to surface. As a
new contribution to this problem, we will analyze not
only the SST and precipitation, but also all terms in the
local moisture budget associated with the 1976 transi-
tion. This will clarify whether the changes in regional
precipitation are balanced by evaporation or by changes
in atmospheric moisture transport. Due to deficiencies in
the observations for atmospheric moisture field in the
pre-1976 era (and a still large uncertainty in the decadal
means of moisture in the post-satellite era, e.g., Allan
et al. 2002), we will rely on GCM simulations for the
moisture budget analysis.

Since some of the strongest El Nifio events in the
twentieth century occurred in the post-1976 period, the
difference between the means of the post- and pre-1976
epochs could be due partly to the rectified effect of El
Nifno. Outside the tropical Pacific, the SSTs in other
ocean basins may also influence the precipitation over
the Americas. To shed light on these possibilities, we will
analyze GCM simulations forced with global and trop-
ical Pacific SSTs, and with the SST forcing including and
excluding interannual variability (as detailed in Sect. 3).
The basic features of the multidecadal changes in trop-
ical SST are shown in Sect. 2. The model and GCM
experiments are described in Sect. 3. The “post- minus
pre-1976” differences in precipitation and moisture
budget over the Americas are analyzed in Sect. 4, fol-
lowed by additional discussions on the interdecadal
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SST-precipitation relationship in Sects. 5, 6, and 7 and
conclusions in Sec. 8.

2 SST and the 1976 transition

In this study, July 1961-June 1976 and July 1976-June
1998 are chosen to define the pre-1976 and post-1976
epochs. The choice of 1998 as the end of the post-76 era
is guided by an apparent ‘“‘reversal” of the post-1976
trend in the precipitation of the Americas that occurred
in mid-1998 (see Sect. 7). The choice of 1961 as the other
end point is somewhat arbitrary, but extending it to 1956
leads to qualitatively similar results in our GCM
experiments (the “SCYC” runs to be discussed shortly).
That these choices are meaningful is illustrated in
Fig. la—c, the Jan-May SST “‘anomalies” (defined as the
departure from the 1871-1999 climatology using the
HadISST1 data set, Rayner et al. 2003) for the post- and
pre-1976 periods and their difference. Both Fig. laand b
exhibits a common pattern with the largest SST anom-
alies in the central/eastern Pacific and just south of the
equator. Moreover, the post- and pre-1976 SST anom-
alies in Fig. 1a and b have the same pattern but opposite
signs over most of the Indo-Pacific sector, rendering it
meaningful to consider the two epochs the “positive”
and ‘“‘negative” phases of a multidecadal oscillation,
with 1976 being the turning point.

The “post- minus pre-1976” SST difference field,
shown in Fig. lc, is positive over most of the Indo-Pa-
cific sector, except for the two off-equatorial minima in
the western Pacific. The most distinctive feature is,
again, a maximum south of the equator in the central/
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Fig. 1 The anomaly of Jan—-May SST, defined as the departure
from 1871-1999 long-term mean, for a post-1976 epoch (July 1976—
June 1998), b pre-1976 epoch (July 1961-June 1976), ¢ the
difference of a and b. Contour interval 0.1°C, negative dashed.
Areas with the absolute value of SST anomaly greater than 0.1°C
are filled with red (positive) and blue (negative) colors
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eastern Pacific. On the interannual time scale, El Nifio in
the equatorial Pacific influences the SST elsewhere
through an ‘“‘atmospheric bridge” (Alexander et al.
2001), producing SST anomalies of the same sign as the
NINO3/3.4 index in the Indian Ocean and opposite sign
in the North Pacific. Qualitatively, this remains true in
Fig. 1c, but the Indian Ocean SST anomaly has become
stronger relative to the NINO3/3.4 SST anomaly in the
equatorial Pacific. These differences between the inter-
annual and interdecadal SST anomaly patterns are also
noted by Deser et al. (2004), who further showed the
connection between the tropical and North Pacific
oceans on the interdecadal time scale. The warming
component in Fig. 1c also broadly resembles the SST
trend simulated by some coupled GCMs forced with an
increased greenhouse gas concentration (e.g., Knutson
and Manabe 1995; Huang et al. 2001; Boer et al. 2004).
The observed epoch difference in Fig. Ic could be a
mixture of both internal variability and global warming
trend.

To simplify the problem, the GCM simulations in
this study will be forced by either tropical Pacific or
global SSTs, without a further division into different
basins. The interdecadal shift in SST has an annual cy-
cle. To further narrow the focus, we will analyze the
precipitation and moisture budget for the boreal winter—
spring season.

Fig. 2 The “post- minus pre- a OBS
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3 Models and data

The AGCM used in this study is the National Center for
Atmospheric Research (NCAR) Community Climate
Model Version 3.10 (CCM3.10), with minimal modifi-
cations for executions on our local computing facilities.
The model has 18 vertical levels and a T42 resolution.
Three sets of GCM simulations are performed. The
Pacific Ocean Global Atmosphere coupled with Mixed
Layer ocean (POGA-ML) runs consist of 16 ensemble
members for 18562000, with the model forced by ob-
served SST over the tropical Pacific (including the wes-
tern Pacific but excluding the Indian Ocean) and coupled
to a simple mixed layer ocean elsewhere as detailed in
Appendix 1. The global ocean global atmosphere
(GOGA) runs include 48 ensemble members for 1959—
1999 (16 members extended to 2004) forced by observed
global SST. The 1961-1999 segments from the POGA-
ML and GOGA runs are used in most of our analysis.
The SCYC (abbreviation for “‘repeated seasonal cycle”)
experiments consist of a pair of 30-year AGCM runs,
each forced with a repeated seasonal cycle of global SST
constructed from the means of the post- and pre-1976
epochs. The POGA-ML and GOGA runs produce
substantial interannual variability due to El Nifo.
Compared to that, the interannual variability in the

b POGA

1976 difference in Jan—-May
precipitation for a observation
based on CAMS data set. b The
16-member ensemble average

y

from the POGA-ML
experiments. ¢ The 48-member
ensemble average from the
GOGA runs. d Thirty-year

average of the difference
between a pair of the SCYC
runs. Units are in mm/day with
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color scales indicated at the
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SCYC experiments consists of only internal variability
that is further suppressed after a 30-year average.

Since long-term (including the pre-1976 era) obser-
vations of precipitation exist mainly over land, the ver-
ification of model simulations will be based on
precipitation over the American continents. Unless
otherwise noted, the CAMS station data interpolated
onto a 2°x2° grid produced by NOAA Climate Predic-
tion Center (http://www.cpc.ncep.noaa.gov) is used for
precipitation.

4 Interdecadal shift in precipitation and moisture budget
Precipitation

The ‘“‘post- minus pre-1976” difference in Jan—-May
precipitation is shown in Fig. 2a—d for the observations
and the POGA-ML, GOGA, and SCYC runs. The re-
sults for POGA-ML and GOGA are the ensemble
average of 16 and 48 runs, respectively, while that for
SCYC is the difference between a pair of 30-year per-
petual post-1976 and pre-1976 runs. To first order, the
GCM reproduces many observed features of the inter-
decadal shift in precipitation over the American conti-
nents, including dry anomalies over the Amazon and the
southern tip of South America, wet anomalies over sub-
Amazonian South America, Mexico, and the southwest
U.S. Over these regions, the POGA-ML and GOGA
runs produce very similar structures in precipitation,
indicating the dominant impact of tropical Pacific SST.
This result supports the emerging thought of the control
of global climate by tropical oceans advanced by recent
studies (Hoerling and Kumar 2003, Schneider et al.
2003; Seager et al. 2003; Schubert et al. 2004; Seager
et al. 2005), although the emphases of these studies are
not restricted to the Pacific (e.g., Hoerling and Kumar
2003 noted the contribution of the Indian Ocean SSTA
to the post-1998 North American drought; Schneider
et al. 2003 found a substantial influence of tropical
Atlantic SST on the trend in precipitation over tropical

Fig. 3 The warm minus cold

a POGA ENSO

Huang et al.: The 1976/77 transition in precipitation over the Americas and the influence of tropical sea surface temperature

South America for the second half of the twentieth
century). The SCYC runs, designed to exclude the rec-
tified effect of interannual variability, also produce
similar results in precipitation.

Despite the similarity between the POGA-ML and
GOGA/SCYC runs, some second order differences are
noticeable. For example, over the northeast coast of
Brazil the precipitation anomalies are wet in POGA-ML
but dry in GOGA, SCYC, and observations. These
details might be related to the differences in the SSTs in
the adjacent Atlantic Ocean (e.g., Giannini et al. 2004),
ie., the POGA-ML model simulation of tropical
Atlantic SST anomalies is different from observations.
Note as well a discrepancy between the simulated (for all
three types of runs) and observed precipitation over the
Great Lakes region and the northeast U.S., where the
model is too wet during the post-1976 period. Otherwise,
the rest of the simulated precipitation patterns in
Fig. 2b—d are very robust, as they can be reproduced by
retaining only a small number of ensemble members in
the ensemble means for POGA-ML and GOGA, or a
small number of years in the time mean for SCYC runs
(not shown). A more detailed discussion on statistical
significance is in Appendix 2.

Recalling that the canonical El Nifio signal in pre-
cipitation is wet over the southern edge of the U.S., dry
over northern South America, and wet over the central
South America (Ropelewski and Halpert 1987), we note
that in these regions the sign of the interannual signal is
the same as the interdecadal one shown in Fig. 2. For a
quick reference, the “warm minus cold” ENSO com-
posite of Jan—May precipitation anomalies from the
POGA-ML and GOGA runs is shown in Fig. 3. The
similarity between the interdecadal and interannual
precipitation signals is likely due to the broad similarity
between the interdecadal and interannual (El Nifio) SST
anomalies, to be discussed further in Sect. 6. Neverthe-
less, there are non-trivial differences between the inter-
annual and interdecadal precipitation patterns. In the
latter, the wet anomaly in the southern edge of North
America penetrates much deeper into the southwest

b GOGA ENSO

ENSO composite of Jan-May
precipitation for the ensemble
means of a POGA-ML runs. b
GOGA runs. Color scales are

’-Q\k?
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1998) and six major La Ninas
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and 1989), normalized by the
Jan—May average of NINO3.4
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index. The composite is done
after the time series of
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U.S., while in the former it is centered to the southeast
around the Gulf coast and Florida (Ropelewski and
Halpert 1987). The dry region in the north, and wet
region in central South America, are broader for the
interdecadal anomalies. Also noteworthy is a dry
anomaly over the southern tip of South America in both
observed and simulated multidecadal precipitation pat-
terns in Fig. 2. At first, it appears to be a unique feature
of the interdecadal variability since it has not been
recorded as part of the canonical ENSO signal in pre-
cipitation (Ropelewski and Halpert 1987). However, we
did find a trace of dryness in this region in the simulated
El Nifio precipitation anomalies in the POGA-ML and
GOGA runs. We postpone further comparisons of the
interannual and interdecadal signals to Sects. 5 and 6.
Investigating the decadal variability (with period T >
7 years) of precipitation over land, Cayan et al. (1998;
see their Fig. 10) found an apparent global correlation
pattern for precipitation anomalies that broadly resem-
bles our pattern of the multidecadal shift in the Ameri-
can sector. When the precipitation anomaly is wet in the
southern/southwest U.S. and Mexico, it is dry/wet/dry
over northern/central/southern South America. Using 6-
year low-pass filtered data, Schubert et al. (2004, see
their Fig. 2) also found a similar correlation pattern but
with a diminished dry spot over the southern tip of
South America. Although the frequency band consid-

Fig. 4 Various terms in the
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ered by Cayan et al. (1998) and Schubert et al. (2004) for
the low-frequency variability is broader (including fluc-
tuations with relatively shorter periods) than ours, the
partial overlap between the two may explain the simi-
larity in the precipitation patterns. Most importantly,
since we are able to simulate this inter-American pre-
cipitation pattern with the POGA-ML runs, the corre-
lation between the precipitation anomalies in North and
South America is likely due to the fact that they have a
common origin in the tropical Pacific SST.

Moisture budget

In an equilibrium state, the local precipitation, P, can be
related to the local moisture budget by

P=E—{Ve(Vq)}, (1)

where FE is evaporation, ¢ specific humidity, V horizontal
velocity, and { } indicates a vertical integral over the
entire atmospheric column. For the SCYC experiments,
Eq. 1 is satisfied within each of the post- and pre-1976
runs for the annual mean. For the Jan—-May period to be
analyzed, a small contribution from the tendency term
(dg/0t), essentially the difference between the end points,
(gMay—Gran), remains. This term is ignored in later dis-
cussions as will be justified shortly.

<Vg>}

b EVAPORATION

Jan—May moisture budget for
the “post- minus pre-1976”
difference from the SCYC runs.
a Vertically integrated total
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day with color scheme indicated
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Fig. 5 Same as Fig. 4c but for a

a POGA —{V e <V><g>}
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b GOGA —§V e <V><q>}

the ensemble mean of the
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ensemble mean of the GOGA
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Denoting the difference between the post- and pre-
1976 epoch means of a variable X as

(2)

where Xc indicates the mean of the post- or pre-1976
period, the shift in precipitation across the 1976 transi-
tion can be related to those in the other terms in the
moisture budget by

5P = OE — 8{V e (Vq)}.

oX = X, rost76 — XC, PRET6>

3)

Here, an increase in local precipitation could be ex-
plained by an intensified moisture convergence or an
increase in local evaporation. This distinction may
provide useful clues to the relative importance of dif-
ferent dynamical/thermodynamical processes pertinent
to OP.

The terms —d6{Ve(V¢g)} and 0F from the SCYC runs
for Jan—-May are shown in Fig. 4a and b. Over Mexico
and the southwest U.S., the increase in precipitation is
partly balanced by an increase in evaporation, implying
an intensification of local moisture recycling. Elsewhere,
the oP (see Fig. 2d) is balanced mainly by moisture
convergence/divergence, —d{Ve(Vq)}. The change in
moisture convergence is also important over Mexico and
the southwest U.S. The §E shown in Fig. 4b is directly
computed from the model output of latent heat fluxes.
However, one obtains an almost identical JF if it is
diagnosed from Eq. 3, another indication that the ig-
nored term in Eq. 3, 6(¢may—¢yan), 18 small. (Taking the
difference between the two estimates of JE as a measure
of the tendency term, the variance of the latter is less
than 10% of that of OF itself.) Note that this term is
nonzero only if there is a shift in the annual cycle of
precipitation. That it is small indicates that a shift in the
seasonal cycle is not the major cause for the interdecadal
shift in Jan—May precipitation.

The moisture convergence shown in Fig. 4a is the
total, with contributions from sub-monthly and monthly
to longer time scales. In the SCYC experiments, the total
moisture flux Vg is saved monthly (as the monthly

-5

-2 -1 -5 -2 -06 0 .
| I [ [ [ I I

mean), along with the monthly means of V and 4.
Denoting the monthly mean and the “departure from
monthly mean” of a variable X as <X > and X’, the
total moisture flux convergence can be decomposed into

—Ve<Vg>=-Ve(<V><qg>)—Ve(<Vig >),
(4)

with the last term being the contribution from the sub-
monthly processes that can be diagnosed from the other
two. Figure 4c and d shows the post- minus pre-1976
differences in the two terms in the r.h.s. of Eq. 4. The
sub-monthly term is much smaller over land and over
most of the ocean. Hereafter, we will focus on the
dominant term, —Ve(<V><g>). To completely
exclude the contribution from interannual variability,
we will again consider the SCYC case, but note that the
differences in —Ve(<V > <¢g>) across the 1976 transi-
tion simulated by the POGA-ML and GOGA runs,
shown in Fig. 5a and b, are similar to that obtained by
the SCYC experiments.

Detail of the shift in moisture convergence

The interdecadal shift in moisture convergence could be
due to changes in the domain-averaged moisture con-
centration, moisture gradient, total (advective) wind, or
the wind divergence. Separating these possibilities would
provide additional clues to the connection between the
local moisture budget and large-scale circulation. For
conciseness, in the following the angled bracket < >
will be eliminated, with all the V and ¢ understood as
monthly means. The symbol for vertical integral, { } is
also eliminated but is implied. A quadratic term written
as XY here is equivalent to {<X> <Y>} in the pre-
ceding sections. The post- minus pre-1976 difference in
moisture convergence can be rewritten as

_ —0(VeVg)é(qgVeV)

Vo= ) T ey

(5)
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Fig. 6 The major terms in the
decomposition of the “post-
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b —((5V) . ch

minus pre-1976” difference in
the Jan—May vertically
integrated moisture
convergence in Eq. (6), from the
SCYC experiment. a Term
(A1). b Term (A2). ¢ Term (B1).
d Term (B2). e Sum of a—d. The
vertical integrals for a—d are for
the entire atmospheric column.
(f) Same as (d) but with only the
lowest five levels retained in the
vertical integral. Units in mm/
day, with color scales indicated

:‘\ \‘«33
-

at bottom
e SUM OF a-d
K "-a\\‘«?
-5 -2 -1 -5 -2 -.06 0 .06 2 5 1 2 5
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—VceV(6q)6V) e Vgc—(6q)V e Ve—qcV o (6V
—6Ve (Vg = ¢ ¢ VH8V) » Vac—(89)V » Vo—qeV o ( )+higher0rderterms (6)

(A1) (A2) (B1)

where 0X and Xc are the “post- minus pre-1976” dif-
ference and the pre-1976 epoch mean of X. The
expansion in Eq. 6 is intuitive but a more rigorous
derivation can be found in Appendix 3. The higher-
order terms in Eq. 6 include quadratic terms of
“0X0Y” type and the contribution from interannual
variability within the post- and pre-1976 periods
(Appendix 3). The latter can be conveniently ignored as
it is small for the SCYC runs.

(B2)

Equations 5 and 6 provide a useful decomposition of
the interdecadal shift in the total moisture convergence.
Term (A) represents the effect of moisture convergence
due to advection across the moisture gradient. In this
case, the wind vector V includes both rotational and
divergent components but a further decomposition (not
shown) indicates that the contribution of the rotational
wind is significant. Term (B) represents the effect of wind
divergence/convergence. The wind vector that is relevant
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Fig. 7 Same as Fig. 6 but for
the ensemble mean of the
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b —(0V) e

GOGA runs

e SUM OF a-d

f —qeV + (6V) LOW LEVEL

"Q\\\é} b "Q\\\?
P Ky

-5

to term (B) is its divergent component. Further, the sub-
term (A1) in Eq. 6 represents the effect of the changes in
moisture gradient when the total advective (rotational
plus divergent) wind field is fixed. Term (A2) represents
the contribution from the changes in total wind field
with the moisture gradient fixed. Term (B1) represents
the effect of the changes in the domain-averaged mois-
ture with a fixed divergent wind, and term (B2) the effect
of the changes in the wind divergence with fixed mois-
ture. Terms (A1)—(B2) are shown in Fig. 6a—d (remem-
ber that they are the vertical integrals). In South
America and much of the Caribbean and Central
America, term (B2) dominates such that the sum of the

-2 -1
[ I E E

-5 -2 -06 0 .06 .2 .5 1 2 5

mm/day

four terms, shown in Fig. 6e, is almost identical to
Fig. 6d. (That Fig. 6e resembles Fig. 4c reassures us that
the higher-order terms in Eq. 6 are indeed small.) Thus,
for these regions, the interdecadal shift in the total
moisture convergence is due to the changes in the
divergent component of the wind.

Given the dramatic decrease in specific humidity
with height, the column-integrated moisture conver-
gence in Fig. 6a—d comes mainly from the lowest few
levels. This is illustrated in Fig. 6f, the same term as in
Fig. 6d but with only the lowest five levels in the model
(correspond approximately to 1,000-750 hPa over a flat
surface) retained in the vertical integral. Clearly, the
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Fig. 8 The “post- minus pre-
1976 difference in the Jan—

a POGA U
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d POGA

<

May 200 hPa zonal wind for a
POGA-ML; b GOGA; ¢ SCYC
experiments. d—f are the same as
a—c but for the 200-hPa
streamfunction. Contour
interval 1 m s~ for zonal wind,
1x10® m? s~! for
streamfunction. Positive and
negative contours are in red and
blue, with zero contours
omitted

decrease in precipitation over the Amazon is balanced
by a decrease in low-level wind convergence, corre-
sponding to a weakening of the climatological ascent
over this region. The closeness of Fig. 6d and f also
extends to other terms (not shown) in Eq. 6, such that
our previous discussion of the moisture and winds can
be replaced by that of the low-level moisture and low-
level winds.

Figure 7 shows the counterpart of Fig. 6 for the
GOGA runs. Just like precipitation, the GOGA and
SCYC runs produce similar patterns for the individual
terms in the moisture budget. The POGA-ML runs also
produce similar results for moisture budget but are not
shown for brevity. Again, the dominant term is (B2) in
Eq. 6, due to the changes in low-level wind divergence.

By mass continuity, the low-level divergence and con-
vergence are related to descent and ascent in the lower to
middle troposphere.

Over Mexico and the southwest U.S., the four terms
in Eq. 6 have comparable amplitudes but their sum is
not large. As already shown in Fig. 4, in this region the
increase in precipitation is balanced mainly by an
increase in evaporation. Over land, the changes in
evaporation involve complicated processes related to soil
moisture. Over the mountainous region in the southwest
U.S., the Jan—May evaporation also depends on the
melting of snow accumulated in the preceding fall and
early winter. The change in moisture convergence
remains important but clearly the interdecadal shift
involves a complex interaction between the remotely
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forced changes in atmospheric circulation and the local
ground hydrology.

Over the northeast U.S. and Great Lakes region, the
simulated interdecadal shift in precipitation is balanced
by moisture convergence, although the fact that all of
the sub-terms in Eq. 6, except (B1), and the sub-monthly
moisture convergence (Fig. 4d) have about equal and
non-negligible amplitudes renders a clear interpretation
of the interdecadal pattern difficult. Note that this is also
the region with a notable discrepancy between the ob-
served and simulated interdecadal shift in precipitation,
with the latter wetter than the former.

The decomposition of moisture transport in Egs. 4, 5,
6 is useful for analyzing not only interdecadal variability
but also climate changes on longer time scales. It is
worth noting that, in a simple model study, Chou and
Neelin (2004) found that the change in precipitation
over land caused by doubled CO5 is balanced mainly by
the local moisture transport due to changes in mass
divergence, a term analogous to (B2) in our Eq. 6.

5 Upper-level circulation

Although the interdecadal changes in precipitation over
the Americas are more intimately related to low-level
convergence/divergence or ascent/decent, for complete-
ness we will present some results for the upper-level
circulation, useful for a subsequent discussion on inter-
annual and interdecadal variability. Figure 8a—c shows
the post- minus pre-1976 differences in the 200 hPa zo-
nal wind from the POGA-ML, GOGA, and SCYC
experiments. A hemispherically symmetric and zonally
elongated pattern, with an acceleration of subtropical
jets in both hemispheres, can be readily identified in

Fig. 9 a One of the components
of the anomalous (post- minus
pre-1976) Rossby wave
source,—Ve{SV ({c+/)}, at
200 hPa for Jan-May. b Post-
minus pre-1976 divergence at
200 hPa. ¢ Contours of the 200-
hPa climatological absolute
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Fig. 8a and b. This pattern is similar to the typical zonal
wind response to El Nifio (e.g., Seager et al. 2003; Lau
et al. 2005). Since the POGA-ML and GOGA runs in-
clude the rectified effect of interannual variability, the
fact that there are more strong El Nifios (La Nifias) in
the post- (pre-) 1976 epoch might contribute to the
structures in Fig. 8a and b. However, this pattern is also
present (but somewhat weakened) in Fig. 8¢ for the
SCYC runs forced by the interdecadal SST anomaly.
This indicates that the zonal wind response is not sen-
sitive to the detail of tropical SST anomalies, a point
that will be revisited in Sec. 6.

The post- minus pre-1976 differences in the 200 hPa
streamfunction for the POGA-ML, GOGA, and SCYC
runs are shown in Fig. 8d—f. Streamfunction, instead of
geopotential height, is used here to enhance structures in
the tropics. (See e.g., Hsu and Lin 1992, for a discussion
of global teleconnections based on streamfunction. Since
the anomalous geopotential and streamfunction are
approximately related by o0® ~fdy, where f is the
Coriolis parameter, in the lower latitudes the geopo-
tential height anomaly is flatter.) In the streamfunction
field, a pair of Rossby wave trains emanating from the
tropical Pacific to the midlatitudes of both hemispheres
are more clearly seen as responses to the tropical SST
anomalies (e.g., Trenberth et al. 1998). These wave trains
are not significantly different among the SCYC and
POGA-ML/GOGA runs.

Notably, even with its maximum located south of the
equator, the interdecadal SST anomaly (Fig. 1c¢) pro-
duces a cross-equatorial wave train that propagates into
the Northern Hemisphere. This can be understood in
two ways: first, in boreal winter the longitudinal sector
on the equator from 150°W-90°W is predominantly
westerly, allowing a pathway for cross-equatorial wave

a —Ve{ 6V (¢ctf))

e — oo @.m%

vorticity superimposed with
vectors of the divergent
component of horizontal wind

i\%@% (EV% © -

b Ve(6V,)

corresponding to the
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Fig. 9b. All three panels are
from the ensemble average of
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propagation (Webster and Holton 1982; Hsu and Lin
1992). Second, the Rossby wave source (RWS, Sard-
eshmukh and Hoskins 1988) responsible for the gener-
ation of upper-level Rossby waves can spread beyond
the confines of the SST anomaly itself (see Sardeshmukh
and Hoskins 1988). In our problem, the post- minus pre-
1976 difference in RWS, 6RWS, can be produced by
both positive and negative divergence anomalies asso-
ciated with anomalous precipitation (Fig. 2¢). To illus-
trate, Fig. 9a shows one of the major components of
ORWS, 0RWS;=—-V e {4V ({.+/)}, due to the anom-
alous divergence acting on the climatological absolute
vorticity at 200 hPa for Jan—May from the ensemble
mean of the GOGA runs. (As usual, 6X and X repre-
sent the post- minus pre-1976 difference and the pre-
1976 epoch mean of X. V,, {, and f are the divergent
components of horizontal wind vector, relative vorticity,
and the Coriolis parameter.)

In the tropics )ORWS; is concentrated over the eastern
Pacific, supporting our argument that the anomalous
Rossby wave trains shown in Fig. 8 originate from this
region. (In Fig. 9a, a few centers of SRWS; also exist in
midlatitude. They are partly related to jet exits and en-
trances (e.g., Nakamura 1993; Robinson 1994) and
might play a role in exciting midlatitude Rossby waves
(e.g., Qin and Robinson 1993). An analysis of this part
of ORWS is more complicated and is left for future
work.)

It is worth noting that, although the post- minus pre-
1976 200 hPa divergence, shown in Fig. 9b, exhibits two
strong positive centers over the equatorial western Pa-
cific and Indian Ocean (related to the positive SSTAs
there in Fig. 1¢), the corresponding dRWS; is not large

Fig. 10 The “post- minus pre-
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there. This is because the meridional gradient of abso-
lute vorticity over the western Pacific and Indian Ocean
is not as tight as that over the eastern equatorial Pacific,
as shown in Fig. 9c. This explains the smallness (com-
pared to eastern Pacific) of one of the sub-components
of 6RWS,, —6V,eV({c+f), over the former two regions.
The other sub-component, —({c+f)Ve(dV,), is also not
large over those regions because the centers of anoma-
lous divergence there nearly coincide with the dynamical
equator, the contour of {¢+ f =0, as shown in Fig. 9c.

In Fig. 8, the anomalous wave trains are located
mostly over the ocean but they intersect with the
American continents with a low over Mexico and the
southwest U.S. and a trough over the southern tip of
South America. Although it is tempting to relate these
two features to the wet and dry anomalies in precipita-
tion in these two regions, we instead caution that, in
general, upper-level highs/lows and precipitation do not
have a simple one-to-one correspondence (see e.g., Bates
et al. 2001 for examples showing the disparity of this
relationship) since the latter depends on additional fac-
tors such as large-scale moisture supply, local topo-
graphic lifting, etc.

Although the recently constructed “‘reanalysis” data
sets include grided upper-level winds for the pre-1976
period, their reliability depends on the density of upper-
air observations that can be scarce especially over the
oceans. A quick look at the post- minus pre-1976 dif-
ference in the NCEP/NCAR reanalysis reveals no clear
patterns of the wave train over the southeast Pacific
shown in Fig. 8d-f. However, records also indicate that
there is virtually no coverage of upper-air observations
in this region for the pre-1976 period (see Fig. 5.3 of

1976” difference in the Jan—
May zonal mean zonal wind for
a POGA-ML; b GOGA; ¢
SCYC experiments. d—f are the
same as a—c but for the mean
meridional circulation (MMC)
represented by the Stokes
streamfunction in meridional
plane (Peixoto and Oort 1992,
chap. 7). Contour interval

0.5 m s~ ! for zonal mean zonal
wind, 2.5x10° kg s~! for MMC.
Negative contours are dashed,
and zero contours bold solid.
The positive contours in d—f
correspond to clockwise
circulation in the meridional
plane. The maxima on the maps
ind, e, and f are 26.2, 15.5, and
14.0x10° kg s~ !
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Peixoto and Oort 1992). (For further discussions on the
limitations of the tropical circulation in reanalysis, see
Trenberth et al. 2001; Kinter et al. 2004.) To avoid
misinterpretations, we choose not to rely on the
reanalysis data to verify the simulated interdecadal shift
in the upper- level circulation.

Figure 10a— shows the post- minus pre-1976 differ-
ence in the zonal mean zonal wind from the POGA-ML,
GOGA, and SCYC runs. A common feature of the three
panels is the acceleration of subtropical jets at the upper
troposphere in both hemispheres. This structure is
accompanied by a zonally symmetric, tropics-wide in-
crease of tropospheric temperature (see Sect. 6 and
Figs. 11, 12). Again, the results for SCYC are not dra-
matically different from POGA-ML/GOGA. (The dif-
ference between Figs. 10c and 10a and b in the higher
latitudes in Northern Hemisphere could be due to the
difference in sea ice in the boundary forcing (see
Appendix 1) or other dynamical processes related to
wave-zonal mean interaction in high latitudes.) Notably,
all three types of runs produce a deceleration of westerly
zonal wind at 60°S, opposite to that in the reanalysis
(e.g., Thompson et al. 2000). Keeping in mind our pre-
vious caution about reanalysis in the pre-1976 era, this
difference might otherwise be related to the trends in sea
ice and greenhouse gas concentration. The former is
treated very crudely in our GCM runs due to the lack of
observations for the early years (Appendix 1). The trend
in greenhouse gas concentration is not explicitly in-
cluded in our simulations, but note that part of the
greenhouse-gas effect is embedded in the SST. In the
lower latitudes, the post- minus pre-1976 difference in
Jan—-May zonal mean zonal wind in NCEP/NCAR

Fig. 11 The tropical (20°S— a 520
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reanalysis (not shown) does not exhibit a hemispheri-
cally symmetric pattern of acceleration of the subtropi-
cal jets simulated by the GCM. Instead, the acceleration
is centered almost at the equator with its maximum in
the lower stratosphere (for useful references see Fig. 4 of
Abarca del Rio 1999; Fig. 9 of Schneider et al. 2003).
This positive center is flanked by easterly anomalies in
the subtropics, with the deceleration in the Southern
Hemisphere more pronounced than in the Northern
Hemisphere. These differences between GCM simula-
tions and reanalysis remain to be explained.

The divergent wind response to tropical SST forcing
has a zonally symmetric component that has been shown
to provide a major contribution to the midlatitude
moisture budget during El Nifio (Seager et al. 2005). The
zonal mean low-level divergence/convergence is associ-
ated with the descent/ascent of the mean meridional
circulation (MMC). Figure 10d—f is the same as
Fig. 10a— but for the MMC. The most robust feature in
Fig. 10d—f is a single tropical cell with its rising branch
located slightly south of the equator, consistent with the
slightly south of the equator maximum in the inter-
decadal SST pattern in Fig. lc. The counterpart of
Fig. 10d—f for the NCEP/NCAR reanalysis (not shown)
exhibits a similarly oriented single-cell structure in the
tropics with a comparable magnitude and with its rising
branch located in the Southern Hemisphere. The
meridional extent of that cell is slightly wider than those
simulated by the GCM. In general, the simulated MMC
resembles that in the reanalysis more closely than zonal
mean zonal wind. Away from the tropics, the zonal
mean MMC in the model is due to contributions from
different longitudinal sectors that is not easy to interpret.

b 520

20°N) average of 200 hPa
height, shown as the departure
from 12000 m. a The ensemble
mean of POGA-ML runs. Blue
line shows the 9-month low-
pass- filtered time series, hold
black line the decadal-to-
interdecadal component
obtained by a Fourier analysis.
b Same as (a) but for GOGA 400
runs. ¢ Same as (a) but for the
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Fig. 12 The meridional profiles of the post- minus pre-1976
differences in 200-hPa zonal mean geopotential height (dashed)
and zonal mean zonal wind (solid) from the POGA runs. Units are
1 m s™! for zonal wind, 10 m for height

A quick estimate (not shown) reveals that, in midlati-
tude, the simulated low-level zonal mean divergence/
convergence is a relatively small residue of the local
divergence/convergence pertinent to the moisture con-
vergence over land discussed in Sect. 4. The zonal mean
divergence is only one component of the interdecadal
shift in local precipitation and moisture budget over the
Americas.

6 Further remarks on interannual and interdecadal
variability

In the eastern Pacific, the major difference between the
interdecadal and interannual (El Nifio) SST anomalies is
that the maximum of the former is located south of the
equator. Despite this difference, we have shown that the
responses in atmospheric circulation and precipitation
over the Americas to these two SST patterns are not
dramatically different. Seeking an explanation for this
similarity, we first note that during El Nino the air
temperature anomaly induced by the local SST anomaly
in the equatorial Pacific spreads in the longitudinal
direction, such that within one to two seasons the entire
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tropics have the same sign of tropospheric temperature
anomaly (Yulaeva and Wallace 1994; Chiang and Sobel
2002). This leads to zonally and hemispherically sym-
metric temperature gradients in the subtropics in both
hemispheres that are pertinent to the zonally and
hemispherically symmetric zonal wind signals in the
subtropics and, through a secondary process involving
the eddies, the extratropics (Seager et al. 2003). The
east-west homogenization of air temperature occurs in
the vicinity of the equator because, due to the smallness
of the Coriolis parameter, there are no dynamical terms
to balance a longitudinal pressure gradient (Charney
1963). Any imbalance is likely removed by the equatorial
Kelvin waves through an eastward spreading of the
temperature anomaly (see Chiang and Sobel 2002 for
such a sequence following El Nifio). The tropical zone of
homogenized temperature is very broad, extending to
about 20°N and 20°S (Chiang and Sobel 2002). As such,
any SST anomaly, regardless of its detailed shape and
location, that falls within this zone may produce a
similar end state with the homogenized temperature.
Extending this argument to the interdecadal SST pattern
in Fig. lc, one would expect similar thermodynamical
responses in the tropical troposphere to the interdecadal
and interannual SST anomalies.

Before proceeding further, we should now verify that
the POGA-ML, GOGA, and SCYC runs produce
comparable interdecadal (upward) shifts in the tropics-
wide tropospheric temperature across the 1976 transi-
tion. The 200 hPa height averaged over the tropics
(20°S—20°N) is used as an index for tropical tropospheric
temperature. (The 200 hPa level is lifted when the tro-
posphere expands due to an increased temperature.)
Figure 11a—c shows this index, denoted as Z,q, for
1961-1998 from the POGA-ML and GOGA runs and
the NCEP/NCAR reanalysis. The thin blue lines are the
9-month low-pass filtered time series of Z,q, shown as
its departure from 12,000 m, and bold black lines the
decadal-to-interdecadal component consisting of only
the variability with 7> 6 years. Although the annual
cycle is retained in the blue lines in Fig. 1la—c, it is
overwhelmed by interannual variability. For example,
the four highest peaks in the blue line in Fig. 11a are due
to the 1982/83, 1986/87, 1992/93, and 1997/98 El Nifios.
They contribute to the higher epoch mean of Z,y in the
post-1976 period. The decadal-to-interdecadal compo-
nents in Fig. 11a—c are very similar, all showing an up-
ward trend for the second half of the twentieth century
but with the 1976 shift more pronounced in the reanal-
ysis (see also Seager et al. 2004). The three black curves
in Fig. 11a— are re-plotted in Fig. 11d as the dashed
curves. Because the Z,, for POGA-ML is systematically
higher than GOGA (by about 13 m, a small bias con-
sidering that the total 200 hPa height is over 12,000 m),
the POGA-ML case in Fig. 11d is shifted for the pur-
pose of demonstration. All three dashed curves in
Fig. 11d show a clear elevation of Z,yo in the post-1976
era. Also shown in Fig. 11d are the post-1976 (blue) and
pre-1976 (red) SCYC runs, presented in the same format
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as Fig. 11a—c. The 9-month low-pass filtered time series
(thin lines) for the SCYC runs are dominated by the
annual cycle, with only weak and random interannual
and decadal variability. Nevertheless, because the trop-
ical mean SST is higher in the post-1976 period, it ele-
vates the epoch mean of Z,, for this period, resulting in
a post- minus pre-1976 difference in Z,o comparable to
those obtained from POGA-ML, GOGA, and reanaly-
sis. The meridional profiles of the post- minus pre-1976
zonal mean 200 hPa geopotential height and zonal wind
for POGA-ML runs are shown in Fig. 12. The tropical
warming zone extends to 20°-25° latitudes, where a
sharp meridional temperature (or height) gradient is
accompanied (noting thermal wind balance) by an
enhanced subtropical jet in both hemispheres. The
structure of the height anomaly in Fig. 12 is also remi-
niscent of those associated with multi-year droughts
analyzed by Schubert et al. (2004, see their Figs. 2, 6).

By a thermodynamical control argument (Chiang
and Sobel 2002 and references therein), the uniform
band of warmer tropical air in the post-1976 era could
induce detailed structures in tropical precipitation
anomalies common to the POGA-ML, GOGA, and
SCYC runs. For example, as an El Nifio or inter-
decadal SST anomaly produces the banded warming in
the tropical troposphere, warmer air would spread
eastward over the Amazon, reducing the local lapse
rate there. This results in a more stable atmosphere
with suppressed precipitation (as in Figs. 2, 3) and
anomalous descent. The weaker upward motion is in
turn compensated by a reduced low-level convergence
(as in Figs. 6d, 7d). (The last two steps are our own
interpretation. Chiang and Sobel (2002) have focused
on the thermodynamical mechanism over the ocean.) In
this view, the chain of reaction starts with the change
in tropospheric temperature induced by remote SST
anomalies. The change in local low-level divergence or
vertical motion is a passive response to the change in
precipitation, which itself is an adjustment to the
change in vertical thermodynamical profile. This argu-
ment is appealing as it does not depend on the detail of
the SST anomalies.

Note that the effect of an increased CO, concentra-
tion, which might be partially responsible for the
observed interdecadal changes in precipitation, is
implicitly embedded in the SST in our model (in the
sense that an increase in the tropical Pacific SST is
simulated by many coupled GCMs with double CO,, as
mentioned in Sect. 2). Clearly, the trend in SST alone
does not represent the complete effect of the greenhouse
gas forcing. If an explicit trend in CO, were included in
our simulations, land masses would have likely warmed
up more dramatically in the last 40 years. In the context
of our thermodynamical argument, this would weaken
the expected effect of the stabilization of the troposphere
over the Amazon (as suggested to the authors by E. K.
Schneider). This might explain why the simulated drying
over the Amazon in Fig. 2¢ is more extensive than that
observed in Fig. 2a.
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For ENSO variability, although the zonal band of
tropospheric warmth is restricted to the tropics, its
existence is enough to induce a secondary response in
dynamical fields (Seager et al. 2003 and references
therein) and precipitation (Seager et al. 2005) in the
extratropics in both hemispheres. Details aside, in this
scenario the midlatitude response is controlled by the
tropical tropospheric warmth. Thus, if the tropical warm
bands produced by the interannual and interdecadal
SST anomalies are similar, they would induce similar
responses in midlatitude. Robinson (2002) and Seager
et al. (2003) suggest that the secondary extratropical
response is driven by the eddies that propagate differ-
ently after the modification of the large-scale wind/
temperature basic states by the tropical warmth. It is
worth extending their analyses to interdecadal variabil-
ity in the future.

In the tropics, some differences between the simulated
ENSO and interdecadal precipitation anomalies remain
(compare Fig. 2¢ to Fig. 3b) that cannot be explained by
the thermodynamical argument. Most notable in the
American sector is the dryness over the Caribbean and
northern tip of South America in the interdecadal pat-
tern that is absent in the ENSO composite for the
GOGA runs. This could be the region where the direct
circulation response to the detailed SST anomalies
matters. To test this, one would need a dynamical model
for the tropics that can predict the divergent wind
response to SST forcing (for example, the damped linear
solution of Gill (1980) or the inviscid nonlinear solution
of Schneider (1987), preferably modified to incorporate
more realistic orography and vertical resolution.) The
relative importance of the thermodynamical and
dynamical control of SST-induced precipitation anom-
alies needs further investigations.

While the similarity between the simulated precipi-
tation in GOGA and POGA-ML runs indicates the
importance of tropical Pacific SSTs, it does not rule out
potential contributions of the Indian Ocean SST to the
interdecadal precipitation anomalies over the Americas.
Because the SST anomalies in Indian and other ocean
basins are influenced by the tropical Pacific SST through
the “atmospheric bridge” (Alexander et al. 2001), it
might be more difficult to isolate their effects with
POGA-ML type experiments. Within the Pacific basin,
there are interesting features in the interdecadal SST
patterns in Fig. 1, notably the hot (or cold) spot off the
coast of Mexico, which have not been emphasized in this
work. As this hot spot is represented by a very small
number of grid points due to the moderate T42 resolu-
tion of CCM3.10, simulations with a high-resolution
regional model may be more suitable for clarifying the
impact of this SST anomaly pattern on regional pre-
cipitation.

The similarity between the precipitation in SCYC and
GOGA/POGA-ML runs indicates that the rectified
effect of interannual variability is not crucial for pro-
ducing the interdecadal shift in precipitation over the
Americas. This is understood in the sense that one does
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not need to accumulate the responses in precipitation to
individual El Nifios/La Nifias in order to recover the
interdecadal anomalies in precipitation. In other words,
the rectified effect arising from the nonlinear relation-
ship between SST and midlatitude precipitation is
unimportant. To the first order, the interdecadal pre-
cipitation anomalies are linear responses to the inter-
decadal modulation of tropical SSTs. The latter, which
is reflected in the difference between the post- and pre-
1976 mean seasonal cycles of SST in the SCYC runs,
could be due to the various causes—global warming,
internal atmosphere—ocean dynamics, and changes in
the characteristics of El Nino—cited in the Introduction.
Our conclusions are restricted to the precipitation
responses to given SSTs and do not endorse or reject any
of these scenarios regarding the origins of the inter-
decadal SST patterns.

7 A 1998 reversal?

We have chosen the middle of 1998 as the end point of
the post-1976 period, based on recent observations that
suggest a reversal of the post-1976 trend in the pre-
cipitation over several regions of the Americas, notably
the occurrence of the 1998-present North American
drought (Hoerling and Kumar 2003). Comparing

Fig. 13 The “post-1976 minus
post-1998” difference in the
Jan-May precipitation for a
observation based on the
CMAP data set. b Ensemble
mean of 16 GOGA runs. Color
scales are indicated at the
bottom
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Fig. 13a, the observed “post-1976 minus post-1998”
difference in the Jan—May precipitation, to the “post-
1976 minus pre-1976 picture in Fig. 2a, one finds
similarities in the southwest U.S. and northern half of
South America but also differences elsewhere. (Here,
the post-1998 period is defined as July 1998—June 2003.
The NOAA/CPC CMAP data set, which incorporated
Satellite observations, is used for Fig. 13a. It was not
used in Sect. 4 as it starts in 1979. Without 1976-1978
in the CMAP data, the “post-1976” period shown in
Fig. 13 is actually “post-1978” but the minor difference
is inconsequential.) It is interesting to compare the
simulated changes in precipitation across the two
turning points at 1976 and 1998. For this purpose, a
smaller set of 16 ensemble members of the GOGA runs
(marked in Fig. 13 as “GOGA2”) are extended to
2004. The model reproduced the “post-1976 minus
post-1998” differences in precipitation over Mexico and
the southwest U.S. and the northern half of South
America, as shown in Fig. 13b. The Jan—-May SST
anomaly, defined as the departure from the 1871-1999
mean, for the post-1998 period is shown in Fig. 14. It is
quite different from the pre-1976 picture in Fig. 2b.
The equatorial Pacific has cooled but the rest of the
Indo-Pacific Oceans remains warm. In addition, the
cold anomaly is centered on the equator, in the middle
of the basin. (Hoerling and Kumar 2003 suggest that
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Fig. 14 The Jan-May SST anomaly, defined as the departure from the 1871-1999 mean, for the post-1998 period. Contour interval 0.1°C,
negative dashed. Areas with the absolute value of SST anomaly greater than 0.1°C are filled with red (positive) and blue (negative) colors

this unique SST pattern is responsible for producing
the 1998-2002 North American drought.) With this
limited evidence, we suggest that the post-1976 “warm
phase” (characterized by the SST pattern in Fig. 1a)
has ended but a new ‘“‘cold phase” of an interdecadal
oscillation has not yet been fully established.

8 Conclusions

Most major features of the interdecadal shift in boreal
winter—spring precipitation over the American conti-
nents across the 1976 transition are reproduced in
atmospheric GCM simulations forced with observed
SST. The POGA-ML runs forced with specified tropi-
cal Pacific SST produce similar results as the GOGA
runs with global SST, indicating the importance of
tropical Pacific SST in forcing interdecadal variability
in precipitation over the Americas. Two types of sim-
ulations with the forcing including (GOGA) and
excluding (SCYC) interannual variability of tropical
Pacific SST also produce similar interdecadal shifts in
the upper-level circulation and precipitation over land
in the American sector. This indicates that the precip-
itation shifts arise fundamentally from shifts in the
mean tropical climate rather than as a rectified effect
due to the nonlinear relationship between SST and
precipitation. In fact, the observed and simulated in-
terdecadal shifts in Jan—-May precipitation—wet over
Mexico and the southwest U.S., dry over the Amazon,
wet over sub-Amazonian South America, and dry over
the southern tip of South America—are not dramati-
cally different from a typical El Nifio-induced response
in precipitation. This implies that the responses in
atmospheric circulation and precipitation over the
Americas are not sensitive to the detailed differences
between the El Nino and interdecadal SST anomaly
patterns, the latter having its maximum south of the
equator. The “‘tropospheric temperature” control
thinking (Chiang and Sobel 2002; Neelin et al. 2003),
namely, warm tropical Pacific SST anomalies influence
remote precipitation by elevating and homogenizing
tropics-wide tropospheric temperature, provides a
plausible explanation of this insensitivity for the re-
sponses in the tropics. The tropical tropospheric
warmth common to the interannual and interdecadal
atmospheric responses may, in turn, induce similar
secondary responses in the extratropics through an

anomalous eddy forcing as argued by Seager et al.
(2003) and Robinson (2002).

An analysis of local moisture budget shows that,
except for Mexico and the southwest U.S. where the
increase in precipitation after 1976 is balanced by
evaporation, the shift in precipitation elsewhere over the
American continents is balanced by low-level moisture
convergence. Furthermore, the interdecadal shift in
moisture convergence is due mainly to the change in
low-level wind divergence that is linked to low-level as-
cent and descent. This is similar to the finding of Seager
et al. (2005) for ENSO variability that the tropical SST-
forced wet precipitation anomalies in midlatitudes are
associated with anomalous ascent.

The two decades of dry tropics and wet midlatitudes
over the Americas ended in 1998. The model results
show that this latest shift was caused by the shift to
cooler SSTs in the tropical Pacific, even as the Indian
Ocean remained warm.

The findings in this study reinforce the emerging
consensus of the tropical control of global climate,
previously explored in the context of multi-year
droughts (Hoerling and Kumar 2003; Schubert et al.
2004; Seager et al. 2005; manuscript submitted to J.
Climate), hemispherically symmetric climate variability
(Seager et al. 2003), and the long-term trend (Hoerling
et al. 2001; Schneider et al. 2003) in observations and/or
GCM simulations.
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Appendix 1
Models and SST for GCM experiments

The GOGA, POGA-ML, and SCYC runs were per-
formed for multiple purposes and executed over time in
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conjunction with the ongoing updates of several com-
prehensive SST data sets. As a result, they were not
forced with exactly the same SST data set. This does
not affect our conclusions, as the SST forcing for the
post-1961 period considered in this work does not de-
pend strongly on the choice of the data set. Specifically,
in the GOGA experiments the atmosphere GCM uses
observed SSTs in its lower boundary. These use a blend
of data sets. The HadISST data set (Rayner et al. 2003)
begins in 1870 and is global. The data set of Kaplan
et al. (1998) begins in 1856, is not global, but does
contain data in the tropics for the whole time. There-
fore, for the tropical Pacific (20°N-20°S) we use Kap-
lan data from 1856 to 2001. From 1856 to 1870, and
outside of the tropical Pacific, we use Kaplan data
where available and otherwise use climatological SSTs
from HadISST. From 1870 on, and outside the tropical
Pacific, we use the HadISST data. The SSTs were
smoothed linearly in latitude across a 10° wide belt
between the tropical Pacific and the north and south
Pacific Oceans. This ensures that the merger does not
produce a jump discontinuity in space. A comparison
of our GOGA runs with a set of similar runs forced
with a single set of SST forcing (see Fig. 15b) reveals
minimal differences, inconsequential to our conclu-
sions.

Fig. 15 a The post-1976 minus
pre-1976 precipitation
simulated by a single GOGA
run with the GFDL AM2
model. b Same as a but for the
ensemble average of 12 GOGA
runs with NCAR CCM3.6. See
text for details
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For the POGA-ML experiments, we only specify the
SST in the tropical Pacific, using the Kaplan data, and
compute the SSTs everywhere else using an ocean mixed
layer model to be described shortly. In this model, SST
anomalies outside of the tropical Pacific can only be
generated by surface flux variability caused by internal
atmospheric variability or forced as a response to the
imposed tropical Pacific variability.

The epoch-mean seasonal cycles of SST used to force
the SCYC runs are constructed from the HadISST1 data
set (Rayner et al. 2003). Due to the great uncertainty in
sea ice in the pre-1976 era, we choose not to include the
epoch difference in sea ice in the boundary forcing. A
default climatological annual cycle of sea-ice distribu-
tion (constructed from 1979-1995) that came with the
CCM3.10 model is used in both post- and pre-1976 runs.
Thus, the difference between the two SCYC runs reflects
only the impact of the open-ocean SST in the middle and
lower latitudes.

In the POGA-ML runs, the atmospheric GCM is
coupled to a model of the ocean mixed layer (ML)
outside the tropical Pacific. The ML model is based
on Russell et al. (1985) and includes a variable depth
surface layer that exchanges mass and heat with a
layer below that extends down to a uniform specified
depth. The depth of the surface layer follows a pre-
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scribed seasonal cycle that is spatially variable and
which follows the observed ML depth, taken to be the
depth where the temperature falls more than 0.5 K
cooler than the SST using the data of Levitus and
Boyer (1994). The surface layer exchanges heat with
the atmosphere according to the atmosphere GCM’s
computation of the surface energy fluxes. The surface
layer exchanges heat with the subsurface layer that is
derived from the specified mass exchange and the
modelled layer temperatures. The movement of heat
by ocean currents in each layer is specified according
the the “q-flux” formulation: a spatially varying sea-
sonal cycle of “q-flux” is diagnosed for each layer as
that which is required to maintain the observed cli-
matological model temperatures when the ocean model
is coupled to the atmosphere GCM (see Russell et al.
1985 for details). The q-fluxes also account for
errors in the modeled surface flux (and other model
errors) but, primarily, account for the ocean heat
transport.

The T42, 18-level version of NCAR CCM3.10 is
adopted as the atmospheric GCM for our GOGA,
POGA-ML, and SCYC experiments. Although our
results are based on one model, preliminary model in-
tercomparisons indicate that the multidecadal change
in precipitation simulated by CCM3.10 (and verified
with observations) is not sensitive to the model and the
SST data set used for boundary forcing. Figure 15a
shows the “post-1976 minus pre-1976” precipitation (to
be compared with Fig. 2¢) simulated by a single
GOGA run with GFDL AM2 model. The wet condi-
tion over southwest U.S. and Mexico and dry condi-
tion over northern South America are reproduced.
Figure 15b is similar to Fig. 15a but is the average of
an ensemble of 12 GOGA runs with NCAR CCM3.6
(a close relative of CCM3.10), identical to those used in
Huang et al. (2003). Here, 5 of the 12 members are
forced with the Climate Analysis Center (CAC) SST
data set, the other 7 with the slightly different National
Meteorological Center (NMC) data set. Both CAC and
NMC data sets are forerunners of the Reynolds SST
data set (Smith et al. 1996), different from the Kaplan
and HadISST data used in our experiments. Yet, the
simulated interdecadal changes in precipitation over the
Americas are very similar, confirming the insensitivity
of our results to SST data set. The similarity between
Figs. 2c and 15b (the latter forced by a single SST data
set) also reassures us of the soundness of our approach
of combining Kaplan and HadISST data in the
boundary SST forcing.

Appendix 2

Statistical significance of the simulated post- minus pre-
1976 difference in precipitation

The quantity of our interest is the difference between
the post- and pre-1976 epoch means of precipitation
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simulated by the GCM. Denoting the two epoch means
of precipitation for the k-th ensemble member of the
GCM runs as Ppost, x and Pprgy, We are concerned
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Fig. 16 The map at top panel repeats Fig. 2c but with boxes 14
marking the regions where the statistical significance of the post-
minus pre-1976 difference in Jan-May precipitation, {APy}, will be
tested for the GOGA runs. Lower panels marked by 1-4 are the
histograms of {APy} for the 48 ensemble members for the
corresponding boxes. Units are mm/day for the abscissa and
numbers of ensemble members for the ordinate. The bin widths for
the histograms are 0.05 mm/day for box 1 and 0.1 mm/day for the
other three boxes
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about the statistics of APy = Pposti—PprEs- In par-
ticular, we wish to determine, given the number of
independent samples (considered here as the number of
ensemble members), whether the mean of {AP,} is
significantly positive or negative at the major centers of
the pan-American precipitation pattern discussed in the
main text. As a demonstration, the map in Fig. 16 re-
peats the ensemble mean post- minus pre-1976 differ-
ence in the simulated precipitation for the GOGA runs
but with boxes 1-4 added to indicate selected regions
for a significance test. The histograms of area-averaged
{AP;} for the 4 boxes for the 48 members of the
GOGA runs are shown in the lower panels in Fig. 16.
All ensemble members simulated a positive AP for box
1 (Mexico and part of the southwest U. S.) and a
negative AP, for box 2 (northern South America), and
all but one simulated a positive AP, for box 3 (middle
South America). Combining the ensemble mean,
0.24 mm/day, standard deviation, 0.086 mm/day, and
the number of independent samples, n=48, for box 1,
one can immediately infer by Student’s ¢ test (see e.g.,
the rule of thumb, Eq. 1, in Sardeshmukh et al. 2000)
that the post- minus pre-1976 difference in precipitation
for this box is greater than 0.2 mm/day at above 95%
significance level. A similar test shows that the mean of
APy is less than —0.52 mm/day for box 2 and greater
than 0.23 mm/day for box 3, both at above 95% level.
To provide a contrast, box 4 is chosen as a region with
a small ensemble mean signal. Of the 48 members, 19
(29) simulated a negative (positive) AP;. The ensemble
mean, —0.004 mm/day, and standard deviation,
0.166 mm/day, indicate that the 48 samples are not
enough to establish that the mean of AP; is distin-
guishable from 0 at 95% level.

Appendix 3
Decomposing the interdecadal shift in a quadratic term

Defining the interdecadal shift in a single variable X
across the 1976 transition as J0X= [XlposT7s
—[X]prE76, We will derive an expression for the inter-
decadal shift in a quadratic quantity, XY. For clarity,
a bracket, [ ], is used in this appendix to indicate the
mean of the post- or pre-1976 epoch. By definition
(subscripts “POST” and “PRE” stand for post- and
pre-1976),

o(XY) = [XY]POST - [XY]PRE'

(7)

For either the post- or pre-1976 period, the epoch
mean of XY can be written as

Y] = X][Y]+ XY, (3)

where X* is the year-to-year anomaly (departure from
the epoch mean) of X due to interannual variability.
Combining Egs. 7 and 8, one obtains
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0(XY) = Xlpost[¥lpost + X * Ylpogt

—[X]prelY]prE — X * Y*|prE
= ([X]pre + 0X) ([Y]pge + 0Y)

+X * Ylpost — Xpre[Ypre
—[X % Y]pgg

= (6Y)[X]prg + (6X)[Y]prE
HOXBY + [X * Ylpogr

©)

Reverting to the notation in Eq. 6, [X]prg and [Y]prE
are Xc and Yc. The last three terms in the r.h.s. of
Eq. (9) are the “higher-order terms”. The 6XJY term is
smaller than the first two terms in the r.h.s. of Eq. (9) if
IXcl > > [0X], [Yc| > > [6Y]|, which is generally true
for horizontal velocity and specific humidity. The last
two terms in Eq. 9 indicate that the difference between
the interannual variability in the post- and pre-1976
periods could contribute to the difference in the epoch
means (of a quadratic quantity) of the two periods. This
contribution might not be negligible in the POGA-ML
and GOGA runs and in observations, due to the pres-
ence of more strong El Nifio events in the post-1976 era.
By design, however, it is small for the SCYC runs con-
sidered in Sect. 4, since the “repeated seasonal cycle”
experiments produce only weak and random interannual
variability (see Fig. 11d). Thus, for the analyses in Sect.
4 for the SCYC runs, the last three terms in Eq. 9 are
neglected as the higher-order terms. This is justified a
posteriori as the sum of the four retained terms in Eq. 6
turns out to be very close to the total (compare Figs. 6¢
and 4c).

—[X * Y| pgpe-
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