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ABSTRACT

Atmospheric moisture transport from the Atlantic to the Pacific basin plays an im-
portant role in regulating North Atlantic salinity and thus the strength of the thermohaline
circulation. Potential changes in the strength of this moisture transport are investigated
for two different climate-change scenarios: North Atlantic cooling representative of Hei-
nrich events, and increased greenhouse gas (GHG) forcing. The effect of North Atlantic
cooling is studied using a coupled regional model with comparatively high resolution that
successfully simulates Central American gap winds and other important aspects of the
region. Cooler North Atlantic sea surface temperature (SST) in this model leads to a re-
gional decrease of atmospheric moisture but also to an increase in wind speed across
Central America via an anomalous pressure gradient. The latter effect dominates, result-
ing in a 0.13 Sv (1 Sv = 10° m’ s) increase in overall moisture transport to the Pacific
basin. In fresh water forcing simulations with four different general circulation models,
the wind speed effect is also present but not strong enough to completely offset the effect
of moisture decrease except in one model. The influence of GHG forcing is studied using
simulations from the Intergovernmental Panel on Climate Change archive. In these simu-
lations atmospheric moisture increases globally, resulting in an increase of moisture
transport by 0.25 Sv from the Atlantic to Pacific. Thus, in both scenarios, moisture trans-
port changes act to stabilize the thermohaline circulation. The notion that the Andes ef-
fectively block moisture transport from the Atlantic to the Pacific basin is not supported
by the simulations and atmospheric reanalyses examined here. This indicates that such a
blocking effect does not exist or else that higher resolution is needed to adequately repre-
sent the steep orography of the Andes.
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1 Introduction

The narrow Central American isthmus with its comparatively low orography (Fig. 1)
affords substantial transport of atmospheric moisture from the Atlantic to the Pacific ba-
sin by the northeasterly trades. This freshwater export leads to salinification of subtropi-
cal Atlantic waters, which are subsequently carried by the prevailing currents to high lati-
tudes, where they cool and sink. In this way the Atlantic moisture export forms a crucial
element in North Atlantic deep water formation and the thermohaline circulation (THC;
Zaucker and Broecker 1992; Romanova et al. 2004), which are vital components of the
global climate system (Broecker 1997; Clark et al. 2002). The strength of the inter-basin
transport may thus provide an important feedback mechanism that either amplifies or
damps anomalies in the thermohaline circulation. THC weakening is thought to have oc-
curred seven times over the last 60 ka (1 ka = 1000 years; e.g. Hemming 2004) but also
features in many projections of future climate change under greenhouse gas (GHG) forc-
ing (Stouffer and Manabe 1999; Gregory et al. 2005; Swingedouw et al. 2007). It is there-
fore of interest to examine how inter-basin transport responds under these two forcing
scenarios.

Past periods of drastic changes in the THC were associated with freshwater dis-
charge into the North Atlantic, which disrupted deep water formation and led to a shut-
down of the Atlantic meridional overturning circulation (AMOC), the Atlantic branch of
the THC. These periods are the Heinrich events and the Younger Dryas (e.g. Broecker
2003). The former are believed to have been the result of catastrophic iceberg discharges
from the Laurentide ice sheet (e.g. Hemming 2004), and are documented by ice-rafted
detritus that was eventually deposited on the ocean floor. The North Atlantic sea-surface
temperature (SST) cooling associated with these events also affected the subtropical
oceans (as evidenced by sediment cores [e.g. Leduc et al. 2007; Pahnke et al. 2007]) and
led to a southward shift of the Atlantic intertropical convergence zone (ITCZ). How such
conditions would influence the inter-basin moisture transport is a matter of current debate.
One line of argument concludes that transport should decrease since the atmospheric
moisture content east of Central America decreases as the ITCZ shifts southward (Zheng
et al. 2000; Benway et al. 2006; Leduc et al. 2007), leading to a decreased moisture flux
across the isthmus. This argument, however, fails to take into account the effect of cold
North Atlantic SSTs on atmospheric winds. Considering this impact one finds that winds
across Central America might increase because the cold SSTs induce an inter-basin pres-
sure gradient that increases the northeast trades. This in turn would increase atmospheric
moisture export. Which of these two effects is dominant is still under debate. In terms of
proxy records, there is support for both increased (Pahnke et al. 2007) and decreased (Le-
duc et al. 2007) moisture transport. A study with a general circulation model (GCM), on
the other hand, finds that moisture transport across the American continent increases by
0.1 Sv (1 Sv=10°m’ s™") when an anomalous freshwater flux is applied to the North At-
lantic (Lohmann, 2003). The model used by Lohmann (2003) , however, employed a
rather coarse resolution (T21 or 5.6° in the horizontal) and experienced some problems in
simulating the atmospheric flow over the Central American isthmus during summer.
Similar results were also found by Lohmann and Lorenz (2000) in an atmospheric GCM
with prescribed SST representing the conditions during the last glacial maximum (LGM).
Relative to present day conditions, the LGM featured cooling of the tropical SST that was
more pronounced on the Atlantic than the Pacific side.

3
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The above discussion on the impact of an ITCZ shift on Atlantic moisture export im-
plicitly assumes that the Andes effectively block any transport, so that the bulk of the
moisture is channeled across the Central American Isthmus. This appears to be a reason-
able assumption as the Andes rise above 2000 m at almost all latitudes (Fig. 1) and at-
mospheric moisture content decreases rapidly with height. Whether it holds true in the
context of large-scale models and to what extent model resolution and orographic heights
might play a role, is a question that we will address in the present study.

Moisture export from the Atlantic basin has also received a lot of attention in the
context of global warming studies (Manabe and Stouffer 1988; Schiller et al. 1997; Latif
et al. 2000; Swingedouw et al. 2007) because it might play a crucial role in the stabiliza-
tion of the thermohaline circulation in a warming climate. GCMs typically predict a wea-
kening of the AMOC under greenhouse gas forcing. This is due to increased surface net
energy and freshwater flux into the North Atlantic Ocean and, to a lesser extent, in-
creased poleward atmospheric moisture flux (Gregory et al. 2005). Under strong CO;
forcing, such as quadrupling CO,, these effects can lead to a complete shutdown of the
thermohaline circulation with drastic consequences for the North Atlantic region (Ma-
nabe and Stouffer 1994; Chan and Motoi 2005). Moisture export across the Central
American isthmus could therefore be an important factor opposing the slowdown of the
AMOC and perhaps even preventing its collapse (Latif et al., 2000; Swingedouw et al.,
2007).

The above considerations illustrate that moisture export from the Atlantic plays an
important role in both paleoclimate and global warming contexts. It is therefore highly
desirable to obtain realistic estimates of this quantity from model simulations as well as
observations. All of the modeling studies cited above use GCMs with resolutions of 2.5°
or coarser and can therefore not resolve adequately the detailed orography of the Central
American isthmus. In the present study we therefore use a regional atmospheric model
with comparatively high resolution to investigate the impact of Atlantic SSTs on the
moisture transport across Central America. With its grid size of 0.5° x 0.5° the model is
able to produce a realistic simulation of the eastern Pacific and western Atlantic regions
and, in particular, of the Central American gap winds. The goals of our study are twofold:
1) Re-examine the effect of North Atlantic cooling on moisture export in the context of a
regional model than can resolve Central American orography and that realistically simu-
lates cross-isthmus winds. 2) Analyze the role of moisture export in global warming sce-
narios using state-of-the-art climate models.

The regional model and experimental set up are introduced in section 2. Section 3
discusses Atlantic-to-Pacific moisture transport under current climate as simulated in
various models, and shows that there is an overlooked yet substantial transport across the
northern Andes. Experiments with this model, which we present in section 4, suggest that
during North Atlantic cooling the effect of the enhanced northeast trades dominates over
the reduced atmospheric moisture content. In section 5 we analyze moisture export from
the Atlantic basin in GCM simulations under both present day and CO, doubling forcing
scenarios and compare these to earlier results. We discuss our results in section 6.
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2 Model and experiments

The model used in this study is a regional ocean-atmosphere model (ROAM) devel-
oped at the International Pacific Research Center (IPRC), University of Hawaii, in col-
laboration with the Frontier Research Center for Global Change (FRCGC) in Japan
(hereafter we refer to this model as IROAM). The atmospheric component is a finite-
difference model with full physics (Wang et al. 2004). The model’s resolution is 0.5° x
0.5° in the horizontal and 28 sigma levels in the vertical. The model physics include a
convection scheme based on Tiedtke (1989), longwave and shortwave parameterizations
(Edwards and Slingo 1996; with improvements by Sun and Rikus 1999), cloud micro-
physics (Wang 2001), a non-local closure scheme for vertical turbulent mixing (Langland
and Liou 1996), and a land surface model (Dickinson et al. 1993). A more detailed de-
scription of the model can be found in Wang et al. (2003). The oceanic component is the
Geophysical Fluids Dynamics Laboratory (GFDL) MOM 2 (Pacanowski 1996). The con-
figuration used here has the same horizontal grid as the atmospheric model and 35 verti-
cal levels. The oceanic and atmospheric model domains are as follows. The oceanic com-
ponent covers the Pacific basin from coast to coast between 35°S and 35°N. The atmos-
pheric model domain covers the area 150°W — 30°W, 35°S — 35°N, which includes the
eastern tropical Pacific and the tropical American continent. At the open boundaries, the
atmospheric model is restored to the four times daily reanalysis of the National Centers
for Environmental Prediction (NCEP) and National Center for Atmospheric Research
(NCAR; Kalnay et al. 1996). The ocean model uses monthly Levitus (1982) climatology
at its boundaries. The coupling strategy is as follows. West of 150°W the ocean surface is
forced with the NCEP/NCAR reanalysis. Between 150°W and the American coast ocean
and atmosphere are fully coupled. In the Atlantic part of the domain, the atmospheric
model is forced with monthly mean observed SST.

Two experiments are used to analyze the moisture transport across Central America
and its sensitivity to Atlantic conditions. The control experiment (CTRL hereafter) uses
the observed SSTs outside the coupling domain as stated in the model description. The
second experiment (NAC hereafter) simulates a North Atlantic cooling event by prescrib-
ing a 2 K cold anomaly in the Atlantic north of 5°N. The anomaly is tapered off between
5°N and 5°S. This pattern of cooling is similar to the ones simulated in Atlantic “water-
hosing” GCM experiments, in which anomalous fresh water flux is applied to the North
Atlantic. While less realistic than an actual water-hosing scenario, the setup is well-suited
to examine the qualitative response of the Atlantic moisture export to North Atlantic
cooling. Here our focus is on the influence of North Atlantic cooling on inter-basin mois-
ture transport. The attendant circulation changes are analyzed in more detail by Xie et al.
(2008). A concern with the NAC experiment is, whether the present day boundary forc-
ing overly constrains the model circulation in the interior. However, sensitivity tests with
IROAM have shown that the interior dynamics can change significantly between experi-
ments even when the lateral boundary forcing remains the same (Xie et al. 2007). Re-
moving cloud feedbacks south of the equator, for example, led the model to develop a
double ITCZ, illustrating the degree to which interior dynamics can change under un-
changed boundary forcing.

Both CTRL and NAC were integrated for 8 years using boundary forcing for the pe-
riod 1996-2003. Since in NAC the model takes about 1-2 years to equilibrate the last 6
years of each integration were used for analysis. CTRL produces a realistic simulation of

5
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the tropical Pacific including the seasonal evolution of the ITCZ, the Peruvian stratocu-
mulus decks, and the equatorial cold tongue (see Xie et al. 2007 for a more detailed de-
scription of the model’s performance in the eastern tropical Pacific). The model also suc-
cessfully reproduces the low-level wind field across the Central American isthmus. The
orography of this isthmus is marked by three elevation gaps (Fig. 2a) which afford strong
low-level winds during boreal winter. These gaps are approximately located at the Gulfs
of Tehuantepec, Papagayo, and Panama and the strong wintertime jets that emerge from
them are named accordingly. All three of these jets are reproduced in the model and
compare favorably with QuickSCAT observations (Fig. 2b). They are, however, some-
what weaker than observed, especially the Panama jet, which also does not extend as far
south as in QuickSCAT. This is likely due to the model not fully resolving the elevation
gaps of the Central American orography. An atmosphere-only version of IROAM run at
0.25° x 0.25° produces a Panama jet that is stronger but still positioned too far north (Xu
et al. 2005). Overall, however, IROAM produces rather realistic winds across Central
America, which lends credence to the results of our moisture transport calculations.

For the analysis of moisture transport under global warming we use simulations from
the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change
(IPCC), performed using the Special Reports on Emission Scenarios (SRES) A1B sce-
nario. In these simulations, CO, concentrations increase from 2000-2100 and remain con-
stant afterward. Resolution varies considerably across models (see Table 1) from 1.125°
lon by 1.125° lat (T106) and 56 vertical levels in the MIROC high resolution model, to 5°
lon by 4° lat and 20 levels in the GISS EH and ER models, which allows us to explore
resolution dependence. As a reference, we also calculated moisture transport for the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF) 40-year global Re-
Analysis (ERA 40; Uppala et al. 2005; http://www.ecmwf.int/research/era/), and the
Japanese  25-year  Reanalysis  Project (JRA-25; Onogi et al. 2007
http://jra.kishou.go.jp/index en.html).

To calculate moisture transport across the Americas we define thirteen line segments
that approximately run along the Atlantic drainage divide (Fig. 1). Integrating the mois-
ture flux across each line segment we obtain the cross-isthmus moisture transport. The
equation for an individual line segment is

tr:j J'uqdld—IO (1)
pol 9

where tr is the moisture transport across the line segment, p is pressure, | is position
along the segment, U is velocity normal to the segment, q is specific humidity and g is the
gravitational constant. We decompose the moisture flux, ug, in NAC into the following
components:

ug=ug+u'q+uq'+u’q’ (2)

where the overbar denotes CTRL and the prime denotes the difference NAC minus
CTRL, i.e., u'=u—10U. This decomposition allows us to separate the effects of moisture
and windspeed changes. The procedure for calculating the moisture transport is similar to
the one used in Xu et al. (2005) but in addition to the vertical integral also outputs the
vertical structure of the transport. Transports are calculated based on daily means. Using
monthly means, however, only decreases values by about 0.2%. This suggests that tran-
sients do not play an important role, which is to be expected in the subtropics.
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3 Moisture export under current climate conditions

Moisture transport across the tropical Americas (segments 5-12 in Fig. 1) under cur-
rent climate conditions is listed in Table 2 and plotted as a bar chart in Fig. 3. Transport
ranges from 0.29 Sv in the UKMO to 0.72 Sv in the CSIRO model. The ensemble mean
transport is 0.56 Sv and thus fairly similar to the 0.54 Sv simulated by IROAM. The re-
analyses occupy the lower end of the spectrum with 0.34 Sv in ERA 40 and 0.40 Sv in
JRA 25, which compares well with the 0.36 Sv from the observational estimate by
Zaucker and Broecker (1992). This might indicate a tendency in the AR4 models and
IROAM to overestimate the transport across the tropical Americas. An estimate based on
NCEP reanalysis (Zhou et al., 2000), on the other hand, amounts to 1.05 Sv and thus ex-
ceeds even the highest estimate of the models surveyed here. Clearly, there is a need to
further constrain the plausible range of cross-American moisture transport. However, our
own transport calculations for the ERA 40 and JRA 25 reanalyses agree rather well.

Horizontal model resolution and magnitude of simulated transport do not appear to
be correlated significantly. For example, while resolution is similar in the CSIRO and
UKMO models, they lie at opposite ends of the scale in terms of transport. It should be
noted, however, that the only two models that solely differ in resolution (the two MIROC
models), produce significantly different transports, with 0.51 and 0.71 Sv in the high and
medium resolution versions, respectively.

Figure 4 shows vertical cross sections of annual mean specific humidity and velocity
for the tropical Americas (segments 3-13 in Fig. 1). Wind velocity is defined normal to
the line segments, with a positive sign denoting flow toward the Pacific side. The cross-
basin moisture transport is accomplished by three jets over Tehuantepec (segment 6), Pa-
pagayo (8), and the northern Andes (11). The Panama jet is a winter-to-early-spring phe-
nomenon (Xie et al., 2005) and does not contribute much to the annual-mean flux. A
noteworthy feature in Fig. 4 is the substantial transport across the northern Andes because
it contradicts the notion that the Andes pose a barrier to moisture transport (e.g. Leduc et
al. 2007). In many models, transport across the Andes actually exceeds that across Cen-
tral America. Only the ERA 40 reanalysis shows little transport across the Andes, which
is mostly due to the low wind speed (especially over the northern Andres, segment 11),
rather than moisture anomalies (Fig. 5). It is also apparent that atmospheric moisture con-
tent is still considerable even at the height of the model-resolved Andes. Its values are
around 18 g/kg at the sea level and 10 g/kg over the northern Andes (segment 11) at 800
hPa.

4 Response to North Atlantic cooling

4.1 Annual mean

The influence of North Atlantic cooling on the lower troposphere is summarized in
Fig. 6, which shows changes in precipitable water and wind (NAC minus CTRL). Pre-
cipitable water decreases over the North Atlantic, consistent with the cooling effect of the
prescribed SST anomaly. While the prescribed SST anomaly is spatially uniform, the de-
crease in precipitable water is most pronounced over the Caribbean. It is apparent that the
negative anomaly in precipitable water is advected across Central America to the Pacific
side, as the decrease extends much farther downstream toward the western edge of the
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domain. Figure 6 also features an anomalous anticyclonic circulation centered on the Car-
ibbean. The southern flank of this circulation strengthens cross-isthmus flow and there-
fore increases the cross-isthmus moisture transport. Figure 6 thus indicates the competing
effects of moisture and wind changes on cross-isthmus transport. For a quantitative as-
sessment of the two effects we turn to the transport calculations described in section 2.

In CTRL, the total time-averaged moisture transport across the tropical Americas
(segments 5-12 in Fig. 1) amounts to 0.54 Sv. In NAC the transport is 0.61 Sv, an in-
crease of roughly 13%. The 6-year simulation period is too short to allow meaningful
significance tests of this increase. We note, however, that the transport in NAC consis-
tently exceeds that in CTRL in every simulation year. The change in transport is largely
due to the intensification of the Papagayo and Panama gap winds (Fig. 7b). The Te-
huantepec gap winds, on the other hand, decreases by about 1 m/s as do the winds further
northwest.

The competing effects of moisture and windspeed changes are illustrated by Fig. 8,
which shows the annual mean vertical profile of moisture transport across the segments.
The dashed green line in this figure represents the response one would obtain considering
moisture changes only, as done, e.g., by Leduc et al. (2007). The result is a decrease of
transport throughout the tropospheric column that amounts to 0.08 Sv. This, however, is
opposed by the effect of the increase in cross-isthmus windspeed (blue dotted line in Fig.
8), which totals 0.15 Sv. In the lower troposphere below 600 hPa the wind speed effect
dominates, resulting in increased moisture transport to the Pacific basin. Above 600 hPa,
on the other hand, moisture transport decreases, which is consistent with the fact that
wind speed differences are small or negative there while specific humidity is still de-
creased as seen in Fig. 7. Due to the high moisture content at low levels the overall mois-
ture transport increases by 0.07 Sv or 13% relative to CTRL.

We next analyze how the increased moisture export affects precipitation and evapo-
ration west of Central America. Several sediment cores from this region have been used
to deduce sea surface salinity (SSS) changes over the past 100 ka (Leduc et al. 2007;
Pahnke et al. 2007). The records thus obtained are often regarded as representative of At-
lantic moisture export (Leduc et al. 2007). The implicit assumption is that the moisture
transport increase will result in an increase in precipitation and a decrease in surface sa-
linity in the far eastern North Pacific, but the relation might not be that simple. It is there-
fore of interest to examine how the increased moisture transport in our simulation might
affect salinity in the eastern Pacific.

Figure 9 shows precipitation, evaporation and the difference, precipitation minus
evaporation (P-E), for CTRL and CTRL minus NAC. Over the Caribbean, precipitation
(Fig. 9d) and evaporation (Fig. 9¢) both decrease in NAC, consistent with a weakening of
the hydrological cycle that is to be expected from the cold SST anomaly. Precipitation
also decreases on the Pacific side, off the coast of Central America, and increases further
west and to the south. This is consistent with the decrease of precipitable water southwest
of Central America shown in Fig. 6. Thus the additional moisture from the Atlantic does
not immediately precipitate after crossing the isthmus and does not directly affect the sa-
linity balance in the far eastern tropical Pacific. Evaporation, on the other hand, increases
on the Pacific side. This is consistent with the enhanced windspeed in NAC and the effect
of the cold Atlantic air encountering warmer surface temperatures after crossing Central
America. The precipitation minus evaporation difference (Fig. 9f) shows negative values
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on both sides of the isthmus, and thus the overall balance shifts toward more evaporation
and salinification in NAC. Farther west, however, between 8°N and 20°N, the precipita-
tion increase dominates and freshens the Pacific. These changes are consistent with the
SST cooling and southward shift of the Pacific ITCZ that results from the enhanced sur-
face winds.

4.2 Seasonal response

This section takes a closer look at the seasonal variations of moisture transport across
the Central American isthmus (segments 5-10). Proxy records often reflect a particular
season associated with biological activity or rainfall patterns. Stalagmite records in Cen-
tral America, for example, typically reflect the summer season because of the monsoon
rains.

Substantial seasonal variability is shown in the seasonal time-height sections of
moisture transport (Fig. 11). Relative to CTRL the moisture transport in NAC increases
between May and December with the maximum change in September. From January to
April, on the other hand, there is a slight decrease in moisture transport. These seasonal
changes are mostly confined to the lower troposphere. Above 750 hPa transport is lower
in NAC than in CTRL throughout the year in accordance with the decreased atmospheric
moisture content on the Atlantic side.

The P-E difference is also subject to seasonal changes (Fig. 12), which are domi-
nated by precipitation changes. During DJF differences are moderate and indicate a slight
northward shift of the Pacific ITCZ in NAC. The anomalies are organized in a north-
south pattern, with P-E decreased in a zonal band between the equator and 8°N, and in-
creased elsewhere. During JJA the P-E changes are more pronounced with decreases as
low as 12 mm/day over the coastal waters on both sides of the isthmus. While more in-
tense, the P-E deficit is also more confined to the coastal region and accompanied by a P-
E increase to the southwest resulting in a northwest oriented dipole pattern. This more
pronounced response in JJA is likely due to the fact that winds in NAC do not converge
over Central America as they do in CTRL during JJA (not shown).

4.3 Water hosing simulations

We compare our results for IROAM with those from actual water hosing experi-
ments. In the water hosing experiments (see Stouffer et al. 2006 for a detailed descrip-
tion) a freshwater flux of 1 Sv is applied to the North Atlantic for a period of 100 years.
The magnitude of the forcing is meant to be representative of actual fluxes occurring dur-
ing Heinrich events. A total of 9 coupled atmosphere-ocean GCMs participated of which
4 are examined here. These models are the GFDL CM 2.1 (Stouffer et al. 2006), the
UKMO HadCM 3 (Hewitt et al. 2006), the University of Toronto GCM (UToronto here-
after; Peltier et al. 2006), and the NCAR CCSM 2.0 (Hu et al. 2008). We calculate mois-
ture transport in these models for the last 20 years of the 100-year forcing period. Figure
10 shows vertical transport profiles. As in the NAC experiment with IROAM, there is a
positive contribution from the increased cross-isthmus wind speed in all four water hos-
ing experiments. In difference to IROAM, however, this positive contribution is much
weaker and typically confined to the lower troposphere. The contribution from the de-
creased moisture content is negative throughout the troposphere (except in UToronto)
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and therefore the overall moisture transport decreases in three out of four models (see
Table 3). The only model, in which water hosing increases the cross-American moisture
transport is the HadCM 3. In the GFDL CM 2.1 transport changes are slightly negative,
and in the UToronto and NCAR CCSM 2.0 simulations there is a pronounced decrease.
Thus the wind speed effect in the water hosing experiments is of the same sign as in
IROAM but only mitigates the moisture effect rather than reversing it. A possible reason
for this is the difference in Atlantic SST patterns (see, e.g., Fig 4 in Timmermann et al
2007). We will discuss this further in section 6. We have also compared the P-E response
in the GFDL CM 2.1 with that of IROAM. Qualitatively, the water hosing experiment
agrees with IROAM but features a more pronounced negative anomaly that extends fur-
ther west (not shown).

5 Response to GHG forcing

Under the A1B scenario of GHG increase, temperatures in the tropical oceans in-
crease by about 2-3 K in the AR4 models. The magnitude of SST anomalies is thus com-
parable to Heinrich events but their sign is opposite. More importantly, the two forcing
scenarios differ fundamentally in terms of their spatial distribution because Heinrich
events represent a forcing that is confined to the North Atlantic, whereas GHG forcing
acts on the entire atmosphere. This is reflected in the simulations examined here as SST
and atmospheric moisture changes are centered on the North Atlantic in NAC but spread
over the entire globe in the A1B simulations (not shown). There is a moderate increase in
cross-isthmus wind speed under CO, doubling, possibly because of small differences be-
tween Atlantic and Pacific SST warming. This results in an increase in moisture transport
across the isthmus, as documented by the positive u’sqm term in Fig. 13. The contribu-
tion from the moisture increase (umeq’), however, is about three times larger than u’eqm.
This dominance of the moisture increase contrasts with the North Atlantic cooling ex-
periment where the strengthening of the cross-isthmus winds, forced by the localized
cooling, was the driving force for the increase in moisture export.

In the ensemble mean, moisture export across the tropical Americas increases by
about 29% under global warming (Table 2). This is more than double the 13% increase
under North Atlantic cooling (section 4), partly because under global warming both mois-
ture and wind speed changes conspire to increase transport across Central America. The
absolute increase is 0.16 Sv, on average, which exceeds the 0.14 Sv standard deviation of
transport in the climate of the 20th century (20c3m) simulations and passes the Student’s
t-test at the 99% level. The substantial increase in Atlantic moisture export should act to
strengthen the thermohaline circulation, and thus counteract a potential shutdown. This is
discussed in the following section.

When determining the freshwater balance of the Atlantic basin, one must consider,
of course, not only transport across America but export from the entire Atlantic drainage
basin (see e.g. Zaucker and Broecker 1992 for a definition of the Atlantic drainage basin).
Repeating our calculations for this domain we find an ensemble mean export increase of
0.15 Sv under greenhouse gas forcing. This is almost the same as for the export across
America only, which indicates that other changes largely cancel each other out. Thus
changes in the freshwater balance of the Atlantic basin appear to be dominated by those
in cross-American transport.
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6 Summary and discussion

We have investigated changes of moisture transport across the tropical Americas in
two climate scenarios, Heinrich events and increased GHG forcing. The response of
moisture transport to such forcing is important, because it constitutes a strong feedback
on the thermohaline circulation via Atlantic salinity changes.

The first part of this study uses a regional coupled ocean-atmosphere model to inves-
tigate the impact of Heinrich events by prescribing cold SST anomalies in the North At-
lantic. These SST anomalies cool the overlying atmosphere, which leads to two compet-
ing effects. On the one hand, the inter-basin pressure gradient increases, leading to an in-
tensification of the northeast trade winds. On the other hand, atmospheric moisture con-
tent decreases because of the cooler temperatures and suppressed convection. Of these
two effects the trade wind intensification is dominant so that moisture export increases by
0.07 Sv or 13%. For the subtropical North Atlantic this would imply an increase of salin-
ity, which is conducive to deep water formation and strengthening of the AMOC. The
increased moisture export would therefore act to restore the AMOC after it has been
weakened by an anomalous fresh water flux in the North Atlantic. The estimated fresh-
water forcing during Heinrich events is on the order of 1.0 Sv. The increased atmospheric
moisture flux would therefore offset only 7% of the forcing, but this might become sig-
nificant under certain conditions.

In addition to the IROAM experiment we also analyzed output from water hosing
experiments with four different GCMs. The wind speed contribution to cross-isthmus
moisture transport is of the same sign but significantly weaker than in the IROAM North
Atlantic cooling experiment. In one of the models, the UKMO HadCM 3, the wind speed
effect is still strong enough to produce an overall increase in transport. We note that the
hosing experiment of Lohmann (2003) also supports our results with [IROAM.

The discrepancy between the IROAM and the water hosing simulations might be due
to the difference in their Atlantic SST patterns. The SST anomaly field in the GFDL
model, for example, features a zonally oriented tongue of relatively weak cooling around
30°N off the American coast. This could give rise to atmospheric pressure anomalies that
induce westerly wind anomalies to the south and weaken the trade winds over northern
Central America. Consistently, the GFDL model features decreased cross-isthmus wind
speed over northern Central America, and increased winds to the south (not shown).

Thus it remains an open question whether cross-isthmus transport will increase or
decrease under freshwater forcing. We have shown, however, that the change in cross-
isthmus moisture transport is the residual of two large, opposing effects from the intensi-
fied trades and reduced moisture. Due to the cancellation of these two terms the actual
change in moisture transport is likely to be small.

Precipitation decreases on both sides of the isthmus in response to the cold North At-
lantic SST anomalies. This is the case for both IROAM and the water hosing simulations.
In IROAM, it is due to two factors: 1) The cold SST anomalies suppress convection lo-
cally in the Caribbean and remotely in the eastern Pacific through subsidence Rossby
waves and cold temperature advection. 2) The intensified cross-isthmus winds, through
their effect on sensible and latent heat fluxes, cool SSTs in the far eastern Pacific and
thus shift major precipitation southward and westward. As a result of the precipitation
changes, North Atlantic cooling acts to increase salinity in the far eastern Pacific despite
the increased moisture flux from the Atlantic side. The response of salinity in coastal re-
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gions might be complicated further by the intensification of the gap winds and attendant
changes in windstress curl and upwelling. Since the gap winds induce negative wind-
stress curl and upwelling on their southern flank, their intensification leads to increased
upwelling in those areas. This should increase salinity as high salinity water is brought to
the surface. In IROAM surface salinity is restored to climatology so that we cannot esti-
mate the strength of this effect. We note, however, that the water hosing experiments fea-
ture increased sea surface salinity when a 0.1 Sv freshwater flux is applied (Stouffer et al.
2006, their figure 9b).

The above discussion shows that circulation changes associated with North Atlantic
cooling can lead to a complex, non-uniform precipitation response in the eastern Pacific.
This suggests that great caution should be exercised in the interpretation of proxy records
from the region. Furthermore, results from one particular measurement site might not be
representative of the entire region.

The response of moisture export to North Atlantic cooling is highly seasonal, with a
strong increase between May and December, and a slight decrease between January and
April. This seasonality is to be expected because in the summertime the cold SST anom-
aly inhibits ITCZ precipitation and the associated low-level moisture convergence.

In the second part of this study we use IPCC AR4 output as well as reanalysis data to
estimate transport under present day conditions. Both IROAM and AR4 models tend to
simulate stronger transport across the tropical Americas than do the reanalyses. There is,
however, no clear indication of a resolution dependence.

In the third part, we use the A1B simulations to calculate the response of moisture
transport under global warming. In these simulations, the ubiquitous increase of atmos-
pheric moisture leads to an increase in transport across the tropical Americas by about
0.16 Sv in the ensemble mean. This result remains almost unchanged if the entire Atlantic
drainage basin is considered. In comparison, Stouffer et al. (2006) estimate that, under
CO, quadrupling, changes in precipitation, river run-off and glacier melting could lead to
a North Atlantic fresh water flux of about 0.2 Sv. Considering that the 0.16 Sv in this
study were obtained for the alb scenario (in which CO; roughly doubles) it seems likely
that the increase in atmospheric moisture transport could offset much of the warming-
induced freshwater flux in the North Atlantic.

In relative terms, the atmospheric moisture transport in the alb experiments in-
creases by about 25%, which is significantly higher than the 13% obtained in the North
Atlantic cooling experiment of the first part. This is due to the fact that in the global
warming case both wind speed and moisture changes conspire to increase transport,
whereas these influences oppose each other in the North Atlantic cooling experiment.

We note several caveats concerning this study. First, Atlantic SSTs are prescribed in
the IROAM North Atlantic cooling experiment, and might differ significantly from actual
fresh water flux scenarios. Second, the lateral boundary conditions in IROAM are the
same between the control and North Atlantic cooling experiments. This might constrain
the behavior of the anomaly experiment to some extent but our experience with the re-
gional model suggests that this influence is small. Third, changes in the global thermoha-
line circulation cannot be captured in the regional model, and thus the SST response in
the Pacific might differ from that of multi-century GCM water hosing experiments. This
might affect the inter-basin pressure gradient as well as P-E fluxes over the Pacific. We
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note, however, that the P-E changes in IROAM are qualitatively similar to those in the
GFDL water hosing experiment.

Moisture transport across the Andes accounts for roughly half of the total transport in
all the models and the JRA-25 reanalysis. This holds true regardless of model resolution,
which varies from 0.5° in IROAM to about 5° in some of the GCMs. If these results are
realistic, then the often invoked blocking effect of the Andes might not play any signifi-
cant role in terms of moisture transport. However, there is certainly reason to doubt that
even 0.5° resolution is adequate to resolve the relevant orographic features of the Andes.
It is therefore entirely possible that current climate models cannot properly simulate the
blocking effect of the Andes. This might lead them to misrepresent an important aspect of
the response of the climate system to North Atlantic cooling. Further efforts with high
resolution models are needed to shed more light on the potential role of the Andes as a
moisture barrier.
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Tables

Model Modeling Center
BCCR BCM 2.0 Bjerknes Centre for Climate Research, Norway
CNRM CM 3 Centre National de Recherches Meterologiques, France
CSIRO Mk 3.5 Commonwealth Scientific and Industrial Research Or-

ganization, Australia

GFDL CM 2.0 Geophysical Fluid Dynamics Laboratory, USA
GFDL CM 2.1 Geophysical Fluid Dynamics Laboratory, USA
GISS AOM NASA / Goddard Institute for Space Studies, USA
GISS Model EH NASA / Goddard Institute for Space Studies, USA
GISS Model ER NASA / Goddard Institute for Space Studies, USA
IAP FGOALS g1.0 LASG / Institute of Atmospheric Physics, China
INGV ECHAM4 Instituto Nazionale di Geofisica e Vulcanologia, Italy
INMCM 3.0 Institute for Numerical Mathematics, Russia
IPSL CM 4 Institut Pierre-Simon Laplace, France

MIROC 3.2 (high resolution)

Center for Climate System Research (CCSR), Japan

MIROC 3.2 (low resolution)

Center for Climate System Research (CCSR), Japan

MPI ECHAM 5 Max Planck Institute for Meteorology, Germany
NCAR CCSM 3.0 National Center for Atmospheric Research, USA
NCAR PCM 1 National Center for Atmospheric Research, USA

UKMO HadGEM 1

Met Office Hadley Centre for Climate Prediction, UK

Table 1. The IPCC AR4 models used in this study.
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641
642
643
644
645

Model

horizontal res-

transport across

increase of transport

olution subtrop Am [Sv] under GHG forcing

(20c3m) [Sv]
ERA 40 0.8x0.8 (T159) | 0.340 N/A
JRA 25 1.1x1.1 (T106) | 0.404 N/A
NCEP (Zhou et al.) | 2.5x2.5 1.05 N/A
IROAM 0.5x0.5 0.539 N/A
observations 0.36 N/A
(Zaucker et al.)
AR4 ensemble mean | N/A 0.555 0.163 (29.3%)
BCCR BCM 2.0 2.8x2.8 (T42) 0.324 0.106 (32.6%)
CNRM CM 3 2.8x2.8 (T42) 0.521 0.110 (21.2%)
CSIRO Mk 3.5 1.9x1.9 (T63) 0.720 0.205 (28.4%)
GFDL CM 2.0 2.5%2.0 0.500 0.175 (35.1%)
GFDL CM 2.1 2.5%2.0 0.673 0.202 (30.1%)
GISS AOM 4x3 0.330 0.151 (45.7%)
GISS Model EH 5x4 0.536 0.139 (26.0%)
GISS Model ER 5x4 0.553 0.134 (24.3%)
IAP FGOALS gl1.0 | 2.8x2.8 0.720 0.152 (21.1%)
INGV ECHAM4 1.1x1.1 (T106) | 0.495 0.151 (30.4%)
INMCM 3.0 S5x4 0.680 0.162 (23.9%)
IPSL CM 4 2.5x3.8 0.672 0.218 (32.5%)
MIROC 3.2 hi-res 1.1x1.1 (T106) | 0.514 0.249 (48.5%)
MIROC 3.2 med-res | 2.8x2.8 (T42) 0.707 0.235 (33.2%)
MPI ECHAM 5 1.9x1.9 (T63) 0.594 0.231 (39.0%)
NCAR CCSM 3.0 1.4x1.4 (T8S) 0.672 0.124 (18.5%)
NCAR PCM 1 2.8x2.8 (T42) 0.490 0.079 (16.2%)
UKMO HadGem 1 1.9x1.3 0.290 0.104 (35.9%)

Table 2. Moisture transport [Sv] across subtropical America (segments 5-12 in Fig. 1) under present
day conditions (column 3) and its increase under global warming (column 4). Listed are the ERA 40 and
JRA 25 reanalyses, IROAM, and the IPCC AR4 models. Also shown are results of other authors for NCEP

Reanalysis (Zhou et al., 2000) and observations (Zaucker and Broecker, 1992). The horizontal resolution

for models and reanalyses are shown in the second column.
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647
648

difference [Sv]

Model transport across | transport across
subtrop Am [Sv] | subtrop Am [Sv] | hosing - control
control run 1Sv hosing run
GFDL CM 2.1 0.611 0.595 -0.016 (-2.6%)
UKMO HadCM 3 0.458 0.465 +0.007 (+1.5%)
UToronto 0.416 0.328 -0.088 (-21.2%)
NCAR CCSM 2.0 0.777 0.687 -0.090 (-13.1%)

Table 3: Moisture transport [Sv] across subtropical America (segments 5-12 in Fig. 1) for several wa-

ter hosing experiments (column 2) and their corresponding control simulation (column3). The difference

(water hosing — control) is shown in column 4.
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652  calculated (yellow line). Light smoothing has been applied to the orography field.
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Fig.2 Orography (m, shading) and Jan-Feb mean winds at 10 m height (m/s, vectors). The individual
panels show (a) ETOPOS orography and QuickSCAT surface winds on a 0.25° by 0.25° grid, and (b)

IROAM orography and surface winds on the model’s 0.5° by 0.5° grid.
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Fig. 7 Upper panels: wind speed (m/s, shading) and specific humidity (g/kg, contours) along the line
segments shown in Fig. 1. The wind speed is oriented normal to the line segments with a positive sign indi-
cating flow toward the Pacific basin. Negative humidity contours are dashed. The panels show (a) the con-
trol simulation (CTRL), and (b) the difference of the North Atlantic cooling (NAC) and CTRL simulations.
The lower panels show moisture flux integrated along segment lines (kg m? s kg E3) for (c) the CTRL

simulation, and (d) the difference NAC minus CTRL.
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Fig. 8 Vertical profiles of annual mean moisture flux (kg m* s-1 kg-1 *E3) integrated along the line
segments 5-10 (Central America) in Fig. 1. The flux is decomposed into the following components (see
section 2): CTRL (umeqm; thick black line), NAC (ueq; red line), and contributions from change in humid-
ity (umeq’; dashed green line), change in windspeed (u’sqm; dotted blue line), and change in humidity and
windspeed (u’+q’; dashed-dotted orange line). The latter three terms add up to the moisture flux difference

between CTRL and NAC, i.e. uq - umeqm =umeq’ + u’eqm + u’+q’.
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Fig. 9 Same as in Fig. 8 but for the water hosing experiments. The thick black line denotes the con-
trol simulation of each model whereas the red line denotes the 1 Sv water hosing simulation. The individual
panels show (a) GFDL CM 2.1, (b) UKMO HadCM 3.0, (c) University of Toronto Model, and (d) NCAR

CCSM 2.0. Note the different scales for the x-axes.
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Fig. 10 Annual means of CTRL (left column) and NAC minus CTRL (right column) for the follow-

ing fields: (a) + (d) precipitation (mm/day), (b) + (e) evaporation (mm/day), and (c) + (f) precipitation mi-

nus evaporation (mm/day, P-E). Positive values are shaded.
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Fig. 11  Height-time sections of moisture transport (kg m> 10%) across segments 5-10 (Central

American isthmus) in Fig. 1 for (a) CTRL, (b) the difference NAC — CTRL. Positive values are shaded.
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709  are shaded.
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711 Fig. 13 Moisture transport [Sv] across subtropical America for various models. The individual clus-
712 ters show, from left to right, the 2080-2100 average for CO2 doubling experiments (sresalb), the 1980-
713 2000 average for twentieth century experiments (20c3m), and the following three contributions to the dif-
714 ference between sresalb and 20c3m experiments: moisture perturbation, wind speed perturbation, and the

715  product of moisture and wind speed perturbations.
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