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Abstract Global atmospheric transport in a climate sub-

ject to a substantial weakening of the Atlantic thermohaline

circulation (THC) is studied by using climatological

Green’s functions of the mass conservation equation for a

conserved, passive tracer. Two sets of Green’s functions

for the perturbed climate and for the present climate are

evaluated from 11-year atmospheric trajectory calculations,

based on 3-D winds simulated by GFDL’s newly devel-

oped global coupled ocean–atmosphere model (CM2.1).

The Green’s function analysis reveals pronounced effects

of the climate change on the atmospheric transport,

including seasonally modified Hadley circulation with a

stronger Northern Hemisphere cell in DJF and a weaker

Southern Hemisphere cell in JJA. A weakened THC is also

found to enhance mass exchange rates through mixing

barriers between the tropics and the two extratropical

zones. The response in the tropics is not zonally symmetric.

The 3-D Green’s function analysis of the effect of THC

weakening on transport in the tropical Pacific shows a

modified Hadley cell in the eastern Pacific, confirming the

results of our previous studies, and a weakening

(strengthening) of the upward and eastward motion to the

south (north) of the Equator in the western Pacific in the

perturbed climate as compared to the present climate.

Keywords Climate change � Atmospheric transport �
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1 Introduction

Global-scale atmospheric transport and circulation play a

key role in determining the climate on our planet. Any

change in the climate resulting from an imposed forcing

will likely be manifested as changes in global transport

patterns. Although many previous works have focused on

climate change, they placed less emphasis on the response

of atmospheric transport to various climate change sce-

narios. Studies of atmospheric transport are crucial in

calculating distributions of minor constituents and con-

taminants; in understanding mass transfer, mixing barriers,

and the connections between different areas in the atmo-

sphere; and as a diagnostic tool for developing and

improving general circulation models (GCMs). The paper

is the first study of the atmospheric transport under abrupt

climate change simulated by weakening of the Atlantic

thermohaline circulation (THC).

Many recent theoretical and modeling studies show the

potential for a slowing of the Atlantic Ocean’s overturning

circulation, resulting in changes in the atmospheric heat

transport. Comparisons of five instantaneous surveys across

25�N since 1957 indicate a long-term slowdown of the

THC (Bryden et al. 2005). Such observed snapshots might

be aliased by observed large annual variations in the North

Atlantic meridional heat flux. Several numerical experi-

ments with coupled models have shown a weakened THC,

cooling in the North Atlantic, warming in the South

Atlantic, and the meridional shift of the intertropical con-

vergence zone (ITCZ) in response to freshwater forcing in
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the North Atlantic (e.g., Vellinga and Wood 2002; Chiang

2003; Dahl et al. 2005; Stouffer et al. 2006; Broccoli et al.

2006; Cheng 2007; Timmermann et al. 2005, 2007). Zhang

and Delworth (2005) used a coupled ocean–atmosphere

model to show that a steady freshwater forcing in the North

Atlantic weakens the Atlantic THC resulting in global-

scale changes in the tropics: a southward shift of ITCZ over

the Atlantic and Pacific, an El Niño-like pattern in the

southeastern tropical Pacific and weakened Indian and

Asian summer monsoons. These changes are consistent

with abrupt climate changes indicated by paleoclimate

records (Peterson et al. 2000; Wang et al. 2001, Altabet

et al. 2002; Koutavas et al. 2002, Wang et al. 2004).

In this study, global-scale velocity fields obtained from

the latest fully coupled ocean–atmosphere global general

circulation model, version CM2.1, developed at the Geo-

physical Fluid Dynamics Laboratory, are used for

calculations of the Lagrangian trajectories of massless air

parcels in order to study transport properties of the flow

under the abrupt (substantially weakened THC) climate

change scenario. Lagrangian methods have proven to be

very useful in understanding transport problems in the

atmosphere (Hsu 1980; Matsuno 1980; Kida 1983; Austin

and Tuck 1985; Schoeberl et al. 1992; Bowman 1993;

Pierce and Fairlie 1993; Pierrehumbert and Yang 1993;

Chen 1994; Sutton et al. 1994; Bowman 1996; Bowman

and Carrie 2002; Bowman and Erukhimova 2004; Eruk-

himova and Bowman 2006). A comparison between the

climatological transport patterns following an abrupt cli-

mate change (referred to as the Perturbed case) and an

unperturbed case (referred to as the Control case) is done in

terms of Green’s functions. The Green’s functions of the

transport equation were used in previous studies by Hall

and Plumb (1994), Holzer (1999), and Holzer and Hall

(2000). Holzer and Boer (2001) applied the Green’s func-

tion method to study the changed trace gas distributions

under the global warming by online integration of the

continuity equation for a passive tracer.

In Bowman and Erukhimova (2004) we estimated the

climatological Green’s functions for the mass conservation

equation for a conserved, passive tracer under the present

climate scenario. It was found that in terms of the transport

of trace species, the atmosphere is divided into three major

zones: the tropics, and the two extratropics zones in the

Northern and Southern Hemispheres. Transport within

each of these zones is relatively fast, while the exchange of

air between the zones is relatively slow due to the existence

of semi-permeable ‘‘barriers’’. The interhemispheric

transport rates calculated using the Green’s functions

agreed well with measurements of long-lived trace species

from atmospheric lifetime experiment/global atmospheric

gases experiment (ALE/GAGE) network. Taking into

account convection (Erukhimova and Bowman 2006) does

not change the transport pattern qualitatively, although it

can lead to a significant local changes in the transport.

Following Bowman and Carrie (2002), Bowman and

Erukhimova (2004), and Erukhimova and Bowman (2006),

we estimate the climatological Green’s functions from a

large ensemble of long-term Lagrangian trajectories cal-

culated under the Perturbed and Control case climate

scenarios, respectively.

Zhang and Delworth (2005) found a significant change

in the tropical atmospheric deep convection and atmo-

spheric mass transport in the abrupt climate change

scenario (Perturbed case): an anomalous cross-equator

annual mean Hadley circulation is developed in response to

the weakening of the Atlantic THC, with rising motion

south of the Equator and descending motion north of the

Equator. This is consistent with a southward shift of the

ITCZ and enhanced northward atmospheric heat transport

across the Equator. Out study here extends the work by

Zhang and Delworth (2005) in several different directions.

First, the trajectory analysis allows one to follow air par-

cels released at a particular point and find their distribution

after any specified time. In particular, we investigate the

effect of an abrupt climate change on the interhemispheric

transport and mixing barriers between the tropics and the

two extratropical zones. Second, we study seasonal varia-

tions of the 3D atmospheric transport in the Perturbed and

Control cases by comparing the results for two solstitial

seasons, DJF and JJA. Third, we investigate and verify the

changes in the 3-D transport circulation in the tropical

Pacific suggested by the anomalous precipitation and ver-

tical velocity patterns obtained by Zhang and Delworth

(2005).

2 Description of models and method

2.1 Global general circulation model

The global general circulation model used in this study is

the latest fully coupled ocean-atmosphere model (CM2.1)

developed at the Geophysical Fluid Dynamics Laboratory

(GFDL). The ocean model employs an explicit free surface

and a true freshwater flux exchange between the ocean and

the atmosphere. It has 50 vertical levels (22 levels of 10-m

thickness each in the top 220 m) and 1� zonal resolution.

The meridional resolution is 1� outside the tropics, refined

to 1/3� at the Equator. The atmosphere model has 24 ver-

tical levels, with horizontal resolution of 2� latitude 9 2.5�
longitude. The model uses radiative forcing for the year

1860 and produces a stable, realistic, multicentury control

integration without flux adjustments (Delworth et al. 2006).

To explore the climate change induced by a weakening

of the Atlantic THC, a perturbation experiment is

344 T. Erukhimova et al.: The climatological mean atmospheric transport

123



conducted in which extra freshwater forcing of 0.6 Sv (1Sv

= 106 m3s-1) is uniformly distributed over the northern

North Atlantic (55�–75�N, 63�W–4�E) for the entire 60-

year duration of the experiment. The fresh water forcing is

introduced at each time step. The amplitude of the forcing

is relatively large in order to elicit a clear response. The

design of this experiment is the same as that described in

Zhang and Delworth (2005). In the perturbed experiment,

the maximum Atlantic THC rapidly weakens from 23 Sv

(time mean in the control run of CM2.1) to about 7 Sv after

20 year, after which the rate of decrease gradually slows,

resulting in an average of 4 Sv from years 21 to 60. The

analyses in this paper are focused on the differences

between the two experiments (Perturbed and Control cases)

averaged over years 43–53, during which time the weak-

ened THC has stabilized to an average of 3 Sv for this

period. Three-dimensional atmospheric velocities are

archived every 6 h and used as input for the trajectory

model.

2.2 Trajectory model and Green’s function method

The transport circulation is estimated using the ensemble-

mean Green’s functions (Bowman and Carrie 2002; Bow-

man and Erukhimova 2004; Erukhimova and Bowman

2006). This technique is a computationally economical way

to provide a quantitative description of the climatological

transport of a conserved passive tracer from an arbitrary

initial location x0. If the initial mass mixing ratio of a

conserved passive tracer, v0, is known, the ensemble-mean

tracer distribution at future times can be found from the

ensemble-mean Green’s function hGðx; x0; tÞi (Bowman

and Carrie 2002):

hvðx; tÞi ¼
Z

x0

v0ðx0ÞhGðx; x0; tÞidx0; ð1Þ

where x is position, t is time, v is the mass mixing ratio of

the tracer, index 0 is for the initial time moment, brackets

indicate ensemble-mean solution.

The Green’s functions are estimated from particle

trajectories. Particle trajectories are described by the

equation

dx0

dt
¼ vðx0; tÞ; x0ðt0Þ ¼ x0

0 ð2Þ

where x0 is the position of the particle as a function of

time t, and x0

0
is the initial location of the particle at t

= t0. The velocity v in the right-hand side of (2) is a

large-scale velocity, which is taken from the CM2.1

calculations.

We assume that tracer’s mass mixing ratio obeys the

purely advective mass continuity equation:

ov
ot
þ v � rv ¼ 0; vðx; t0Þ ¼ v0ðxÞ; ð3Þ

Because the trajectories are the characteristics of the purely

advective mass continuity equation for a conserved tracer,

the Green’s function for (3) can be written as

Gðx; x0; tÞ ¼ dðx� x0ðx00; tÞÞ; ð4Þ

where x0 = x0

0
and x0(x0

0,t) is the solution to the trajectory

equation (2).

In practice the Green’s function is not defined every-

where. Here we estimate discrete (gridded) Green’s

functions G(x, x0, dt), where x0 is the initial location, x is

the final location, and dt is the time elapsed since the

ensemble of parcels left the initial location. A discrete

approximation to the Green’s function can be estimated by

computing the discrete probability density function of the

parcels (Bowman and Carrie 2002)

hGiðx; x0; dtÞiDVi ¼
hmiðx0; tÞi

N
; ð5Þ

where mi is the number of d functions initially in the

grid box DV0 at x0 at time t0 that are in the grid box DVi

at xi at time t, N is the number of parcels. The discrete

probability density function of parcels is computed by

dividing the domain into a regular, 3-D array of grid

boxes. The number of parcels in each grid box gives a

distribution of parcels initially at x0 at time t0 that are in

grid box i at time t.

The ensemble-mean Green’s functions in (1) are cal-

culated by averaging over different initial times within a

month. These are then averaged together to compute sea-

sonal or climatological means. The time averages for this

study cover 11 years. Due to the large number of parcels

used, the sampling errors arising from estimating hGi by

counting parcels are generally small (Bowman and Carrie

2002).

The trajectories are calculated by solving equation (2)

numerically. Standard fourth-order Runge–Kutta scheme

with 32 time steps per day is used. Velocities at arbitrary x0

and t are computed by linear interpolation in space and

time.

There are several reasons to use a purely advective

approach for this study. We calculate air parcel motion

using only the resolved large-scale winds, neglecting

molecular diffusion and small-scale, unresolved compo-

nents of the velocity field. The unresolved velocity

components are, by definition, unknown. Including them

would require making major assumptions about their

characteristics. Moreover, observational and theoretical

studies indicate that the atmospheric energy spectrum falls

off with decreasing spatial scale, so the smaller scales do

not contribute substantially to the global-scale transport on
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the time scales of interest here. It should be also noted that

the qualitative effect of unresolved scales would likely be

to smear out a localized initial tracer distribution. In this

study, however, we analyze the ensemble-mean transport

characteristics by averaging over many different flow

fields. It seems to be a reasonable assumption that the

smearing due to variability in the resolved flow dominates

any contribution from the unresolved flow.

We neglect the convective transport that could enhance

the vertical dispersion of air parcels. However, as was

shown in Erukhimova and Bowman (2006), including the

effect of convection can lead to significant local differences

in the distribution of a passive tracer but does not change

the global transport picture qualitatively. Future studies are

necessary to understand the effect of convection on the

tracer distribution in the Perturbed case.

3 Results

In this paper we focus on differences in the climatological

atmospheric transport circulation for the solstitial seasons,

December–February (DJF) and June–August (JJA). Zon-

ally averaged and 3-D Green’s functions (Bowman 2006)

are analyzed to find out how the transport properties

change in the Perturbed case (abrupt climate change sce-

nario). In order that individual parcels approximately

represent equal masses of air, trajectories are randomly

initialized in longitude, sine of latitude, and pressure. A

total of N = 4 9 105 parcels trajectories are integrated

continuously for 11 years of experiment.

3.1 2-D transport in the latitude-altitude plane

The top panels (a) and (b) of Fig. 1 show the climatological

zonal-mean mass stream functions for DJF and JJA for the

Control case. The climatological mean Hadley circulation

in the present climate has a strong winter-hemisphere cell

and a very weak summer-hemisphere cell during both

solstitial seasons. During DJF the dominant winter

(Northern Hemisphere) cell has a clockwise circulation

with northward atmospheric heat transport. During JJA the

winter (Southern Hemisphere) cell has a counterclockwise

circulation with southward atmospheric heat transport. The

bottom panels (c) and (d) show the differences between the

zonal mean mass stream functions for the Perturbed and

Control cases. The circulation anomaly induced by the

weakening of the Atlantic THC strengthens the dominant

Hadley cell and northward heat transport during DJF, and

weakens the dominant cell during JJA. Such a change in

the Hadley circulation is induced by the North Atlantic

cooling/South Atlantic warming and the reduced northward

ocean heat transport associated with the substantially

weakened Atlantic THC (Zhang and Delworth 2005). This
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results in a southward shift of the ITCZ and an enhanced

northward atmospheric heat transport across the Equator in

the Perturbed case compared to the Control case.

The strengthening of the dominant Hadley cell in DJF

and its weakening in JJA in the Perturbed case as compared

to the Control case climate scenario lead to a strong rela-

tive seasonal change in the Lagrangian trajectories.

Figure 2 shows the transport circulations in the tropics for

DJF and JJA. The distribution is plotted 10 days after the

parcels’ initial release at (±12.7�,575 hPa). For more direct

comparison we plot the differences between distributions

in the Perturbed and Control cases (Fig. 2c, f). The dif-

ferences are normalized by the number of parcels at the

initial location since it could be different for Perturbed and

Control cases. For example, if n1(0) and n2(0) are the

numbers of parcels at a given initial location at the initial

time, and n1 and n2 are the numbers of parcels at the

destination location at the time of interest, then the nor-

malized difference (NDIF) is

NDIF ¼ n1

n1ð0Þ
� n2

n2ð0Þ
: ð6Þ

Here index 1 corresponds to the Perturbed case, and index

2 corresponds to the Control case. To find the relative

difference between the Perturbed and Control cases with

respect to Control case, NDIF is divided by n2/n2(0). If the

initial number of parcels is the same for the two cases,

(n1(0) = n2(0)), then NDIF/n2 = (n1-n2)/n2. During DJF

(Fig. 2c) more parcels descend in the Northern Hemisphere

(solid blue contours) and rise in the Southern Hemisphere

(solid red contours) in the Perturbed climate scenario as

compared to the Control simulation. In JJA the circulation
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functions and normalized

differences for 10 days after
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period (right). The abscissa is

the sine of the latitude. Two

initial conditions, symmetric
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each panel. The initial

conditions are indicated by a

label and the intersecting lines.

The contours indicate the parcel

density at the given time,
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winter hemisphere; solid
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positive (negative) values of

Perturbed–control (c, f)]
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anomaly has the same sense (Fig. 2f): more parcels des-

cend in the Northern Hemisphere (solid red contours) and

rise in the Southern Hemisphere (solid blue contours) in the

Perturbed case compared to the Control case. The maxi-

mum relative differences between Perturbed and Control

cases with respect to Control case are *70% for DJF and

*80% for JJA. Of course, such large changes are reached

locally. Note that in the ascending branch of the Hadley

circulation the majority of air parcels rise, but a substantial

number of parcels actually descend. This is to be expected

in a convective circulation that has both rising and sinking

motion.

In the extratropics, parcels disperse rapidly along isen-

tropes due to eddies, but move more slowly across the

isentropes due to diabatic effects. Exchange of air with the

tropics is slow due to the existence of partial transport

barriers located near 30� in both hemispheres, sloping

upward toward the poles. This is true for both solstitial

seasons (see Bowman and Erukhimova 2004; Erukhimova

and Bowman 2006). As an example, we show the disper-

sion of parcels released in the extratropical lower

troposphere at (±41.3�,775 hPa) in DJF in the Perturbed

case (see Fig. 3). The values are plotted for 10 days after

the initial release of the parcels. Partial barriers exist in

both the Perturbed and Control cases. However, there are

quantitative differences between the cross-isentropic parcel

dispersion for the two cases. Figure 4 shows the normal-

ized differences between the Perturbed and Control cases

for DJF and JJA 10 days after the parcels initial release.

There is a pronounced motion across the isentropes from

the point of particles release in the extratropics toward the

equatorial region below 800 hPa. One can conclude that

the transport barriers are less pronounced in the Perturbed

case than in the Control case.

The differences between the transport circulations under

the two climate scenarios for DJF and JJA are shown in

Fig. 5. The net (Perturbed–Control) most probable trans-

port path (the difference of the displacements of the peak of

the parcel distribution from its initial location for each

scenarios) is shown after 7.5 days for a large grid of initial

conditions. The most pronounced difference in parcel dis-

tributions between the Perturbed and Control cases is in the

tropics: more parcels ascend in the Southern Hemisphere

and sink in the Northern Hemisphere for both seasons in

the Perturbed case as compared to the Control case climate

scenario. In the extratropics, there is stronger rising motion

in the Southern Hemisphere and descending motion in the

Northern Hemisphere in the Perturbed case compared to

the Control case in JJA. The motion is approximately along

the isentropes. In DJF the pattern is more chaotic with no
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the barriers
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clear difference between the motion along and across the

isentropes.

To make a quantitative comparison of transport across

the transport barriers between the Perturbed and Control

cases, we adopt the simple 3-box model previously used in

Bowman and Carrie (2002), Bowman and Erukhimova

(2004), and Erukhimova and Bowman (2006). The model

divides the entire atmosphere into three boxes: the South-

ern Hemisphere extratropics (90�S–30�S), the Northern

Hemisphere extratropics (30�N–90�N), and the tropics

(30�S–30�N), which contains twice as much air as the

extratropical boxes. With this crude approximation, it is

assumed that the tropical region exchanges air with both

extratropical boxes at equal and constant rate r. The mass

conservation equations for each box are

dvS

dt
¼ �rvS þ rvT ;

dvT

dt
¼ 1

2
rvS � rvT þ

1

2
rvN ;

dvN

dt
¼ þrvT � rvN

ð7Þ

where vS, vT, and vN are the mass mixing ratios of the

tracer in the Southern Hemisphere, tropical, and Northern

Hemisphere boxes, respectively; and r is the rate of mass

exchange between the boxes relative to the mass of an

extratropical box.

We assume that a tracer is initially within the Northern

Hemisphere box: vs = 0, vT = 0, vN = 4. From (7), the

time dependent solutions for the concentrations in each box

are:

vSðtÞ ¼ 1� 2 expð�rtÞ þ expð�2rtÞ
vTðtÞ ¼ 1� expð�2rtÞ;
vNðtÞ ¼ 1þ 2 expð�rtÞ þ expð�2rtÞ

ð8Þ

At short times, the concentrations grow or decay expo-

nentially with time scales 1/r or 1/2r as the tracer mixes

from the Northern Hemisphere box into the tropical and the

Southern Hemisphere box. As t ? ?, the tracer becomes

uniformly mixed throughout the three boxes with a con-

centration of 1.

The temporal distribution of the tracer is estimated from

the Green’s functions. For comparison with the box model

the tracer is initially uniformly distributed between 45 and

90�N and 1,000 and 300 hPa for the Perturbed and Control

experiments. The upper boundary at 300 hPa is chosen to

ensure that the tracer is initially contained entirely in the

Northern Hemisphere troposphere. Then, the mass

exchange coefficient r was estimated by fitting the data

with analytical expressions of the form given by the solu-

tion of (8). Fitting separately to each of the three curves

gives somewhat different values of the mass exchange rate

between the boxes, r. This difference could be meaningful,

indicating that we should have used different exchange

rates for the Northern and Southern Hemispheres. How-

ever, we do not pursue it here, concentrating instead on the

differences between the Perturbed and Control cases.

The exchange rate r can be expressed in terms of the

time lag between hemispheres for a constant source in the

Northern Hemisphere. The source term is included in

the right-hand side of the mass conservation equation for

the Northern Hemisphere (see Bowman and Carrie 2002

for details).

The results for the mass exchange rate and the lag in

concentrations between the Northern Hemisphere and

Southern Hemisphere for the Perturbed and Control cases

are summarized in Table 1. For both climate scenarios, the

mass exchange rate between the hemispheres is slightly but

persistently larger for the DJF period as compared to the

JJA period. This result is in agreement with our previous

studies with a GCM for the present climate (Bowman and

Erukhimova 2004; Erukhimova and Bowman 2006). The

mass exchange rates estimated from NCEP reanalysis do

not show such tendency between the seasons (see Bowman
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Fig. 5 The differences between the most probable parcels motion

between Perturbed and Control cases in the altitude–latitude plane.

The differences are calculated as a function of initial position of the

parcels. The arrows indicate the the displacement (Perturbed–

Control) after 7.5 days of the peak of the zonal-mean probability

distribution function from each initial location
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and Erukhimova 2004). The reason for such disagreement

may be because of the crudeness of the 3-box model, where

we assume that the boundaries between the boxes are

vertical rather than sloping, and that the exchange rate

between the hemispheres is constant.

As Table 1 shows, the mass exchange rates between the

tropics and extratropics, and between the hemispheres, are

consistently slightly larger in the Perturbed Case than in the

Control Case for both seasons. This agrees with the results

in Fig. 4, which shows that the barriers are weaker in the

Perturbed Case on short time scales. The dynamical

mechanisms responsible for the existence of semiperme-

able transport barriers between the tropics and extratropics

are not fully understood at this time, but clearly involve the

latitudinal transition between the eddy-dominated circula-

tion of the extratropics and the convective regime of the

tropical Hadley circulation. A detailed analysis of the

mechanisms responsible for the changes in transport rates

is reserved for future study.

3.2 3-D transport in the tropical Pacific

The mechanism of remote responses in the tropical Pacific

was pointed out in Zhang and Delworth (2005). The link is

through the central American region with strong cooling in

the tropical Atlantic off the central American coast. This

cooling leads to a sea level pressure anomaly and sea sur-

face temperature (SST) dipole anomaly (averaged

difference Perturbed-Control) across the eastern tropical

Pacific with cooling north of the Equator and warming in

the cold tongue south of the Equator. This cooling enhances

sea-level pressure (SLP) in the eastern tropical Pacific off

the Central American coast, which induces anomalous

southward surface winds across the Equator in the eastern

Pacific. The SST dipole anomaly across the eastern tropical

Pacific further amplifies the anomalous southward wind

flow, moisture transport, ITCZ shift, and the anomalous

Hadley circulation. As a result, the southeast trade wind and

thus the Walker circulation south of the Equator are

weakened while the northeast trade wind and thus the

Walker circulation north of the Equator are enhanced.

Since the response in the tropical Pacific to the weak-

ening of the Atlantic THC is not zonally symmetric, we use

3-D Green’s functions to find out the changes in the

atmospheric transport circulation. In this paper we con-

centrate on the two important effects: the anomalous

transport in the eastern tropical Pacific triggered by the

modified Hadley cell and the altered east-west transport

with different sign south and north of the Equator.

Figures 6 and 7 show the climatological dispersion of

parcels released at 950 hPa height in the eastern tropical

Pacific at 115�W to the north and south of the Equator in

the Perturbed and Control cases. All distributions are

plotted for DJF season. After 7 days there is stronger

upward motion south of the Equator in the Perturbed case

than in the Control case (see Fig. 6a, b). The situation is the

opposite north of the Equator (Fig. 7a, b): parcels are

dispersed weaker upwards and eastward in the Perturbed

case than in the Control case. This happens because of the

strengthening of the Hadley cell and southward shift of the

ITCZ over the eastern tropical Pacific in the Perturbed case

as a response to the weakening of THC. Following the 3-D

motion of the parcels in time, we see that the parcels

released in the eastern Pacific north of the Equator propa-

gate upwards rather than across the Equator, although there

are strong cross-equator southward winds in the eastern

Pacific as a result of the weakened THC. Over a longer

period of 15 days (Figs. 6, 7c, d), one can see the dynamics

in the zonal direction: stronger (weaker) eastward transport

at upper level for the parcels released south (north) of the

Equator in the Perturbed case than in the Control case,

consistent with the changes in Hadley circulation.

The western tropical Pacific response to the weakening

of the Atlantic THC is shown in Fig. 8 where all distribu-

tions are for DJF season at 950 hPa level, 20 days after the

initial release of the parcels. For parcels released in the

northwestern tropical Pacific at 135�E, 12�N, there is

stronger upward and then eastward transport in upper levels

(Fig. 8a) in the Perturbed case in comparison with the

Control case (Fig. 8b); the upward and eastward transport

of the parcels released in the southwestern tropical Pacific at

155�E, 12�S is weaker in the Perturbed case than that in the

Control case (see Fig. 8c, d for the Perturbed and Control

cases, respectively). The differences between the two cases

to the south and north of the Equator are consistent with

vertical velocity and precipitation anomalies found by

Zhang and Delworth (2005) (their Figs. 1d, 2a) indicating

Table 1 Top two rows: mass exchange rate between the boxes as a

percentage of the mass in one of the extratropical boxes (25% of the

total atmosphere)

DJF JJA

NH Tropics SH NH Tropics SH

Mass exchange rate (% per day)

Control 1.22 1.43 0.76 0.82 0.91 0.63

Perturbed 1.37 1.57 0.88 0.89 0.99 0.67

NH ? SH tracer lag for constant source (years)

Control 0.90 0.77 1.43 1.33 1.21 1.73

Perturbed 0.78 0.70 1.25 1.23 1.10 1.65

The three estimates for each region [Northern Hemisphere (NH),

Tropics, and Southern Hemisphere (SH)] use the time history of the

tracer concentrationin the respective box. Bottom two rows: lag of the

concentration of a conserved passive tracer in the Southern Hemi-

sphere extratropics relative to the Northern Hemisphere extratropics
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an ‘‘El Niño-like’’ pattern (weakened Walker circulation)

south of the Equator and a ‘‘La Niña-like’’ pattern

(strengthened Walker circulation) north of the Equator (the

terms ‘‘El Niño-like’’ and ‘‘La Niña-like’’ point to the

analogy to the spatial pattern of El Niño and La Niña).

4 Conclusions

Green’s functions calculated from 11 years of Lagrangian

trajectory simulations reveal pronounced changes in

transport in a climate subjected to weakening of the ther-

mohaline circulation. The substantial weakening of the

THC, accompanied by North Atlantic cooling/South

Atlantic warming, reduced northward ocean heat transport,

a southward shift of the ITCZ, and enhanced northward

atmospheric heat transport, strengthens the winter-hemi-

sphere Hadley cell in DJF and weakens it in JJA in the

Perturbed case compared to the Control case. The transport

circulation anomaly (Perturbed–Control) is similar for the

two solstitial seasons. It is dominated by a single cell with

rising motion south of the Equator and sinking motion

north of the Equator. Its structure resembles the total cir-

culation for DJF. The maximum relative differences

between the Perturbed and Control cases are up to 70–80%

for both seasons (reached locally at the peaks of the dis-

tributions, Fig. 2e, f).

In the extratropics the transport circulation is similar in

the Perturbed and Control cases: there are transport barriers

between tropics and extratropics located around ±30� that

tilt poleward. However, the barriers are less pronounced in

the Perturbed case, making the mass exchange rate between

the tropics and extratropics slightly but persistently larger.

The freshwater forcing in the North Atlantic causes a

remote response in the tropical Pacific. The strengthened

Hadley cell during DJF and the southward shift of the

ITCZ in the Perturbed case result in stronger upward and

eastward motion of the parcels released in the eastern

Pacific at 115�W south of the Equator. For parcels released

north of the Equator at the same longitude there is stronger

upward and eastward transport in the Control case as

compared to the Perturbed case.

The 3-D transport circulation in the western tropical

Pacific shows the stronger (weaker) upward and eastward

motion for the parcels released to the north (south) of the

Equator in the Perturbed case as compared to the Control

case. This effect is consistent with the reduced east-west

SST contrast in the southeastern Pacific and the southward

ITCZ shift over the eastern tropical Pacific observed in the

simulations by Zhang and Delworth (2005). According to

Control case
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Fig. 6 3-D Green’s functions calculated for the parcels released at 12�S, 115�W, 950 hPa, for DJF period. Perturbed case (left panel); Control

case (right panel). Distributions are plotted for 7 days (a, b) and 15 days (c,d) after parcels’ initial release. (See Sect. 3.1 for details)
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their work, the mechanism of response with different sign

north and south of the Equator in the tropical Pacific is

associated with the atmospheric response to the weakened

Atlantic THC, i.e., the anomalous Hadley circulation

across the equator. The substantially weakened Atlantic

THC causes the changes in the Eastern Pacific through the

central American region: enhanced SLP in the eastern

tropical Pacific off the Central American coast, anomalous

southward surface winds across the equator in the eastern

Pacific, and, as a result, anomalous ocean upwelling and

thus cooling in the eastern tropical Pacific north of the

Equator, and anomalous ocean downwelling and thus

warming in the cold tongue south of the Equator. The SST

dipole anomaly across the eastern tropical Pacific further

amplifies the anomalous southward wind flow, moisture

transport, ITCZ shift, and the anomalous Hadley circula-

tion. Hence the southeast trade wind and thus the Walker

circulation south of the equator are weakened, and the

upwelling in the southeastern Pacific is further weakened.

The northeast trade wind and thus the Walker circulation

north of the equator are enhanced, and the upwelling in the

northeastern Pacific is further enhanced.

In the paper by Timmermann et al. (2005), the response

in ENSO variability to the weakening of the Atlantic THC

is through the oceanic process (Kelvin wave) that induces a

symmetric response in the tropical Pacific across the

Equator. However, the impact of the oceanic waves is very

weak as compared to the atmospheric response, and the

more recent study by Timmermann et al. (2007) confirms

that the response has opposite sign across the Equator in

the tropical Pacific due to the atmospheric process.

In summary, the global-scale atmospheric transport

becomes stronger in following an abrupt climate change

(Perturbed case). One can say that the Perturbed climate is

similar to the DJF climate in the Control case: for both DJF

and JJA seasons there is cooling in the Northern Hemi-

sphere and warming over the Southern Hemisphere which

enhances the northward heat transport.

Possible extensions of this study could include taking

into account convection and more accurate modeling of the

mixing barriers. Applications of this work include the

analysis of the transport of atmospheric pollutants. Since

many atmospheric pollutants can be treated as passively

transported by the atmospheric flow, this study helps to

understand how the atmosphere of the past and potential

future climate would transport atmospheric constituents

and pollutants. It can have important implications for

atmospheric chemistry: the quantitative measure of the

Fig. 7 3-D Green’s functions calculated for the parcels released at 12�N, 115�W, 950 hPa for DJF period. Perturbed case (left panel); Control

case (right panel). Distributions are plotted for 7 days (a, b) and 15 days (c, d) after parcels’ initial release. (See Sect. 3.1 for details)
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global-scale transport of trace gases in the troposphere is

very important for understanding its photochemical activ-

ity. Recent studies showed that the upper troposphere is

more photochemically active than previously thought due

to the convective transport of radical precursors (e.g., Mari

et al. 2004 and references therein). Capitalizing on our

current and previous studies (Erukhimova and Bowman

2006), we will discuss the convective transport of chemical

tracers under the abrupt climate change scenario in future

work.
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