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An analysis of the “amount effect” with a water isotope-enabled
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[1] Low latitude paleoclimate records from speleothem
6"®0 measurements are often considered to reflect
variations in precipitation amounts. Here we test this
interpretation with a water isotope enabled atmospheric
general circulation model, comparing modern and Last
Glacial Maximum (LGM) controls on the &' O in Brazil.
We argue that the (5180 is determmed by the COIltI"lbuthIlS
from local evaporatlon (hlgh 6'80) versus water vapor
convergence to the region (low 6'*0). Our analysis
indicates that the amount effect, commonly used to infer
precipitation amount from 6180p in low latitude regions,
works only where the isotopic composition of incoming
vapor stays relatively constant such as in coastal regions of
the subtropics. If the isotopic composition of incoming
vapor has changed as a result of the variations in the
upstream rainout, 6180p cannot be used to estimate local
precipitation. Our analysis supports the increase of
precipitation over northeastern Brazil region during the
LGM. Citation: Lee, J.-E., K. Johnson, and 1. Fung (2009),
Precipitation over South America during the Last Glacial
Maximum: An analysis of the ‘‘amount effect’’ with a water
isotope-enabled general circulation model, Geophys. Res. Lett.,
36, L19701, doi:10.1029/2009GL039265.

1. Introduction

[2] One of the most widely used paleoproxies for recon-
structing past hydrological variations in low latitude and
monsoon regions is the oxygen isotopic composition of
speleothem calcite [e.g., Wang et al., 2001 Cruz et al.,
2005; Partin et al., 2007]. Speleothem 6 #0 has been shown
to vary with 6180 , the 6'%0 in pre01p1tat10n [Cobb et al.,
2007], and has been used to infer changes in past precip-
itation patterns or amount [Wang et al., 2001; Fleitmann et
al., 2003; Johnson et al., 2006; Cruz et al., 2005; Partin et
al., 2007; Wang et al., 2008]. The basis of the relationship
between &' 8OIJ and precipitation rate is the so-called amount
effect, wherein more depleted stable isotope values are
observed where precipitation amount is large in tropical/
subtropical coastal and island regions from modern data
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[Dansgaard, 1964; Rozanski et al., 1993; Vuille and Werner,
2005; Risi et al., 2008; Lee and Fung, 2008].

[3] Despite the Wlde use of speleothem §'%0 as a
paleoproxy for precipitation amount over low latitude
regions, a growing number of studies have shown that
factors other than local precipitation amount may affect
§'%0, [e.g., Schmidt et al., 2007]. Maher [2008], for
example finds that the 1nterpretat10n of speleothem & ]80
are inconsistent with rainfall records derived from loess/
paleosol sequences and magnetic properties. Hu et al.
[2008] hypothesize that differences between speleothem
8'0 from two sites (Heshang Cave and Dongge Cave)
along an atmospheric transport pathway are directly related
to the amount of rainout that occurred between the two sites,
rather than the amount of precipitation at an individual site.
From their modeling study, Vuille et al. [2003] show that the
Asian speleothem-élgOp is not directly related to the local
precipitation amount but that it is linked to alterations in
landward water vapor transport. Yoshimura et al. [2003]
argue that the §'®0 variability is controlled by horizontal
advection and not by local precipitation amount.

[4] In this study, we use an isotope-enabled atmospheric
general circulation model (AGCM) to examine whether
6180p differences in paleoproxies can be interpreted as
precipitation amount differences over tropical/subtropical
regions. We choose northeastern and southeastern Brazil
during the LGM (21,000 years ago) and present-day from
AGCM simulations as examples to show when and where
6 18Op differences can or cannot be interpreted as precipita-
tion amount differences. In Section 2, we present our model
and the model configuration for the present-day and LGM
conditions. Section 3 describes the changes in the LGM
climatic conditions over tropical reglons and tests the
hypothesis explaining speleothem §'%0, focusing on south-
eastern and northeastern Brazil. Section 4 discusses our
findings.

2. Model Description

[s] We incorporated HDO and H®0 into the NCAR
CAM2; the global distribution of water isotopes in precip-
itation is reasonably simulated, and the limitations of the
atmospheric model and isotopic scheme are described by
Lee et al. [2007]. We ran the isotope-enabled NCAR CAM?2
with fixed sea surface temperature (SST) and sea ice
distributions for the present-day and the LGM. Present-
day SST is the climatological monthly mean derived from
observations from 1949 to 2001. In the LGM run, we used
monthly SST and sea ice distribution simulated by the fully
coupled atmosphere-land-ocean-ice Community Climate
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Figure 1. The LGM-present day differences in (a) precipitation, (b) evaporation, (c) surface temperature, and (d) wind
speed in the lowest atmospheric layer of the GCM. Surface temperature (Ts) is SST for the ocean and ground temperature
for the land in degrees Celsius. Locations of LGM SST estimated from paleoproxy data are marked in Figure 1c. Square
and cross are for the northwest and northeast sites of Lea et al. [2000], triangle is for the site near Galapagos Islands
[Koutavas et al., 2002], and x is for the Cariaco Basin [Peterson et al., 2000].

System Model [Otto-Bliesner et al., 2006] with atmospheric
carbon dioxide (CO,), methane (CH,), and nitrous oxide
(N,O) at 185 ppm, 350 ppb, and 200 ppb respectively, and
with the continental ice sheet extent and topography pre-
scribed. Our LGM and present-day runs have also been
previously used to intergret ice core data [Lee et al., 2008].

[6] Surface ocean 6'°0O values for the present-day and
LGM are prescribed as 0.5 [Hoffimann et al., 1998] and 1.7%o
[Schrag et al., 1996], respectively. The LGM simulation is
reasonable and has been validated with the available proxy
data [Otto-Bliesner et al., 2006]. The LGM CCSM simula-
tion has a global mean sea surface cooling of 6.3°C
compared to the present-day. The isotope-CAM LGM
simulation is initialized using the atmospheric state from
the equilibrium simulation of the CCSM LGM run, and is
integrated forward for 20 years using the CCSM SST’s and
glacial and sea ice extents as boundary conditions. The
present-day simulation was integrated for 15 years. In both
cases, averages of the last 10-year integrations were used
for our analysis.

3. Results and Discussion

[7] As a result of the greater cooling simulated over the
NH (6.54°C in NH versus 5.28°C in SH), the boreal
summer ITCZ is located more equatorward during the
LGM [Chiang and Bitz, 2005]. Figure 1 shows the LGM-
PRS difference in mean annual precipitation, evaporation,
surface temperature, and zonal wind over the tropical
regions (30°S-30°N). In the LGM simulation, there is a
substantial decrease in precipitation in NH, particularly over
the Indian Ocean, Indian monsoon regions, and Caribbean
regions. In the Southern Hemisphere (SH), a precipitation
increase is shown over the eastern Pacific and Atlantic
oceans. When the ITCZ shifts to the south during the
LGM, the modeled strength of the trade winds decreases

more near the equator of the Pacific and Atlantic Oceans. As
a result, upwelling is smaller over the southeastern Pacific
and Atlantic, and the temperature difference between the
LGM and present-day is smaller (and even positive at some
points) over the coastal regions of the southeastern Pacific
and Atlantic oceans compared to the northeastern or western
Pacific [Fedorov and Philander, 2000]. Due to the decrease
in wind and/or temperature, the evaporation decrease is
large over tropical and subtropical regions, particularly over
the Atlantic.

[8] Paleoproxy data also indicate a larger LGM temper-
ature decrease over the western and northeastern Pacific
than over the southeastern tropical Pacific [Koutavas et al.,
2002]. Over the western tropical Pacific (2.26°N, 90.95°W,
square in Figure 1) and northeastern tropical Pacific
(0.32°N, 159.36°E, cross in Figure 1), Lea et al. [2000]
estimates 2.6°C and 2.8°C of SST decrease respectively.
The SST decrease near the Galapagos Islands (1.22°S,
89.68°W, triangle in Figure 1), on the other hand, is only
1.2°C [Koutavas et al., 2002]. LGM SST’s simulated by the
CCSM agree with the paleoproxies for the western and
northeastern tropical Pacific (2.5°C and 2.6°C respectively),
and the southeastern tropical Pacific SST pattern captures
the same decreasing trend from the west or north to the east,
even if the magnitude of the modeled temperature decrease
is too small (0.1°C).

[9] LGM paleoproxies from tropical and subtropical
regions of South America also suggest equatorward shift
of the precipitation band during boreal summer. The Cariaco
basin (10.71°N, 65.27°W; x in Figure 1), currently located
within the reach of the ITCZ, experienced relatively dry
conditions at the LGM [Peterson et al., 2000], while in the
NE Brazil site (10.17°S, 40.83°W; triangle in Figure 1c),
currently beyond the reach of the ITCZ, wetter conditions
are inferred from the formation of travertine deposits, which
do not form under modern dry conditions at this site [ Wang

20f 5



L19701

(O) LGM-PRS PRCf (mm/doy) - 3.00
10.08 2.00
: ' ' : { B9 1.50
ool - - == U P,
o00f : : { F91.00
i ) 050
-10 A a
/ 4 0.00
—20R- - - - - N -0.5
-1.0
—308------ PosdessZcoadlcsganccocs : -1.5
Y| S e T | M _30
-70. —-60. -50. —40. -30.
(p) LGM-PRS d180p (pgrfr!i{) 4.00
10.0p 3.00
AR M. . % 2.00
000t | ‘ 1,00
,,,,,,,,,, 0.50
—104 g -
- - ‘ 0.00
_Qo'r ‘k --------- —0'5
1 -1.0
_sof =L -2.0
| ‘ -3.0
VT S I S S -4.0
-70. —-60. -50.

Figure 2. The LGM-present differences in (a) precipita-
tion and (b) 6180],. The triangle and square denote the
location of the NE Brazil speleothem record [Wang et al.,
2004] and the SE Brazil record [Cruz et al., 2006]
respectively. The boxes show the NE and SE Brazil regions
used to calculate the model results shown in Table 1.

et al., 2004]. Figure 2a shows the modeled LGM-present
day differences of precipitation over South America. Our
model agrees well with this paleodata and captures the
southward shift in the ITCZ location, the increase in
precipitation over northeastern Brazil and the decrease over
the Cariaco basin region.

[10] 60 differences between the LGM and present-day
precipitation are plotted in Figure 2b. Speleothem 6'*0 data
from southeastern (SE) Brazil (24.53°S, 48.72°W, square in
Figure 2b; and 27.22°S, 49.15°W, cross in Figure 2b) show
a 6'%0, decrease of ~0.5 to 1% [Cruz et al., 2005, 2006;
Wang et al., 2007]. Our modeled 6180p change from
present-day to LGM is ~—0.86%o for SE Brazil (31°S-
208, 55°W-44°W; black box in Figure 2b; Table 1), similar
to the speleothem data. The present-day slope of the
relationship between mean monthly precipitation amount
and 6 18Op at some tropical/subtropical island stations ranges
from —0.48%o/(mm/day) and —0.66%o/(mm/day) [Dansgaard,
1964]. If we use this relationship, a change of —0.86%o can
be interpreted as a precipitation increase of 1.3 to 1.8 mm/day.
The modeled precipitation change is only ~0.3 mm/day
(Table 1). The 6 18Op change in this region is, therefore, not
fully explained by the chan%es in precipitation amount but
rather by changes in the 6O of transported vapor. Most
vapor in this region comes from the northwest land regions
and underwent increased distillation in the LGM simula-
tion, resulting in lower §'®0 values for transported vapor at
this time (Figure 3). The incoming vapor from the Amazon
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basin has a 6'°0 value of —25.2%o during the LGM com-
pared with the present-day value of —22.1%o. The decrease
in Amazon 6'%0, is due to the increased local and upstream
rainfall and the resultant decrease of §'%0,. Our result is
consistent with the interpretation of Cruz et al. [2006] who
assume that decreased speleothem 6'*0 values are reflecting
the contribution of more depleted Amazon moisture to SE
Brazil during the LGM, not necessarily increased rainfall
amount.

[11] Mean annual precipitation over NE Brazil (17°S-
6°S, 46°S-35°S red box in Figure 2) increases about 50%
during the LGM (2.4 mm/day versus 3.3 mm/day), and the
isotopic composition of the precipitation within this region
decreases by ~1.4%0. LGM local evaporation is similar to
present-day, and so most of the increase in precipitation
results from the increase in vapor convergence. The NE
Brazil region receives onshore winds, and so most of the
vapor transported into this region comes from the Atlantic
Ocean for both the LGM and present-day (Figure 3). Water
vapor over the Atlantic has similar isotopic composition for
the LGM and present-day, because of the high evaporative
recharge, and there is little distillation effect from the
Atlantic Ocean to NE Brazil. The vapor transported to NE
Brazil has a lower §'%0, (—13.0%o for the present-day and
—12.5%0 for the LGM) compared to that from local evap-
oration (—4.96%o for the present-day and —4.92%o for the
LGM). The greater relative contribution from transported
vapor than local evaporation in NE Brazil during the LGM
thus leads to more precipitation and lower 6180p. Here, the
present-day spatial relationship also predicts larger precip-
itation changes (2.1 to 2.9 mm/day compared with simu-
lated difference of 0.95 mm/day) Lee et al. [2007] show that
the 6 ]SOP scales better with P/E than with P over oceanic
regions. In the regions of our interest, evaporation is smaller
(~3 mm/day) than the ocean values (4~5 mm/day), and this
is why estimated precipitation is lower than the values
expected from the modern relationship.

4. Conclusion

[12] The 518010 over low latitude regions has been often
interpreted as an indicator for the precipitation amount
[Wang et al., 2001; Fleitmann et al., 2003]. We argue that
the '°0, is determined by the contributions from local

Table 1. Precipitation and Evaporation in Northeastern Brazil and
Southeastern Brazil, Together With the Isotopic Composition of P,
E, and Vapor Fluxes Into and out of the Region®

NE Brazil SE Brazil
PRS LGM LGM-PRS PRS LGM LGM-PRS
P (mm/day) 235  3.30 0.95 318 3.51 0.33
E (mm/day 252 239 —0.13 285  2.68 —0.17
§"%0, %)  —3.15 -457 —142  -425 -5.11 —0.86
810, (%) —4.96 —4.92 0.04 —517 =543  —026
8"80r (%) —13.0 —125 0.05 —209 -232 -23
80k (%) —13.4 —13.4 0 —22.1 —252 —3.1

P, precipitation; E, evaporation. Northeastern Brazil, 17°S-6°S, 46°S-
35°S, red box in Figure 2; southeastern Brazil, 31°S-20S, 55°W-44°W,
black box in Figure 2. Fi, vapor fluxes into the region; Fo, vapor fluxes out
of the region. The regions are denoted by black and red rectangles in Figure
2. Mean isotopic composition of each component i is represented as §'°0;.
Isotopic composition of incoming and out going vapor was computed using
vertically integrated moisture transport of H3°0 and H3*O.
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Figure 3. Isotopic composition of the annual mean
column vapor for (a) LGM, (b) PRS and (c) the difference.
Arrows are annual mean total column water vapor transport.

evaporation (high 6'%0 in low latitude regions) versus
transported vapor to the region (low 6'®0). On an annual
scale, 6]801, is determined by the contribution from local
evaporation and vapor convergence since the amount of
vapor in the atmosphere is very small compared with
precipitation. For a shorter time scales, however, the inter-
action between water vapor and raindrops plays a signifi-
cant role in determining how precipitation integrates the
vertical distribution of water vapor [Lee and Fung, 2008;
Bony et al., 2008]. If the isotopic composition of both local
evaporation and transported vapor remains the same, the
changes in 6180p should reflect the differences in the
contribution. Since spatial variation of evaporation is
smaller than precipitation variation [Lee et al., 2007], lower
5180p implies more transported vapor and hence more
precipitation. Interpreting o' O change as a change in
precrprtatlon intensity requires m1n1ma1 distillation of the
incoming vapor. In practice, the LGM-present day 6180
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difference in a given region could arise from a varying
contribution from transported vapor as well as variable §'%0
values of that transported vapor itself (due to upstream
distillation effects), rather than changes in the amount of
local precipitation. If the incoming vapor has a different
isotopic composition between the present-day and the
LGM, or if the atmospheric pathways have changed signif-
icantly, (5180p cannot be used to estimate precipitation
amount.

[13] Over SE Brazil where most vapor comes from the
northwestern land regions, interpreting the modeled LGM
changes in 5! O by the amount effect would have yielded a
precipitation rate difference of 1.3 ~ 1.8 mm/day, contrary
to the model simulation difference of 0.3 mm/day. Lower
1 18O in SE Brazil does not result from greater contribution
of transported vapor, but lower §'®0 of transported vapor.
NE Brazil reglon 8! Op, however, can be better explained as
the changes in precipitation amount because most of the
vapor transported into this region comes directly from the
Atlantic Ocean where large evaporation from the ocean and
the short trajectory inhibits distillation. Our analysis sup-
ports the increase of precipitation over NE Brazil region.

[14] Water isotopes are a useful proxy for interpreting the
hydrological cycle in low latitude regions, but caution is
needed in interpreting these records, since 6'*0 does not
just depend on the precipitation intensity. Speleothem §'%0
records have great potential to provide information about
past moisture transport and prec?rtatron through investigat-
ing spatial patterns in past 8! In combination with
isotope-enabled GCMs, such data can constrain interpreta-
tions of the paleo-hydrologic cycle.

[15] Acknowledgments. We thank John Chiang and two anonymous
reviewers for their valuable comments on this paper. We are also grateful to
the NCAR (supported by NSF) Paleoclimate Working Group for providing
the LGM boundary conditions. This work was supported by NOAA Office
of Global Programs grant NAOSOAR4311167 and NSF grant ATM-
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