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Abstract We investigate the causes for a strong high
latitude imposed ice (land or sea) influence on the
marine Intertropical Convergence Zone (ITCZ) in the
Community Climate Model version 3 coupled to a 50-m
slab ocean. The marine ITCZ in all the ocean basins
shift meridionally away from the hemisphere with an
imposed added ice cover, altering the global Hadley
circulation with an increased tropical subsidence in the
hemisphere with imposed ice and uplift in the other. The
effect appears to be independent of the longitudinal
position of imposed ice. The anomalous ice induces a
rapid cooling and drying of the air and surface over the
entire high- and midlatitudes; subsequent progression of
cold anomalies occurs in the Pacific and Atlantic
northeasterly trade regions, where a wind-evaporation-
sea surface temperature (SST) feedback initiates pro-
gression of a cold SST ‘front’ towards the ITCZ lati-
tudes. Once the cooler SST reaches the ITCZ latitude,
the ITCZ shifts southwards, aided by positive feedbacks
associated with the displacement. The ITCZ displace-
ment transports moisture away from the colder and drier
hemisphere into the other hemisphere, resulting in a
pronounced hemispheric asymmetric response in
anomalous specific humidity; we speculate that the
atmospheric humidity plays a central role in the hemi-
spheric asymmetric nature of the climate response to
high latitude ice cover anomalies. From an energy bal-
ance viewpoint, the increased outgoing radiative flux at
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the latitudes of the imposed ice is compensated by an
increased radiative energy flux at the tropical latitudes
occupied by the displaced ITCZ, and subsequently
transported by the altered Hadley and eddy circulations
to the imposed ice latitudes. The situation investigated
here may be applicable to past climates like the Last
Glacial Maximum where hemispheric asymmetric
changes to ice cover occurred. Major caveats to the
conclusions drawn include omission of interactive sea ice
physics and ocean dynamical feedback and sensitivity to
atmospheric physics parameterizations across different
models.

1 Introduction

This study stems from a previous paper (Chiang et al.
2003) noting a systematic and strong response of the
marine Intertropical Convergence Zone (ITCZ) in an
atmospheric general circulation model coupled to a
uniform 50-m slab ocean to an imposed increase in the
ice cover in one hemisphere. Specifically, the marine
ITCZ in all ocean basins shifts meridionally away from
the hemisphere with an imposed additional ice extent,
altering the Hadley circulation so that there is increased
tropical subsidence in the hemisphere with imposed ice
and uplift in the other.

This effect was surprising as there is a known tropical
influence on the high latitude interannual variability (for
example, there is a discernable ENSO influence on high
latitude sea ice extent (Yuan and Martinson 2000)),
there is little evidence for high latitude ice influence on
marine tropical climate variability. However, there is
increasing evidence from paleoproxy data and paleocli-
mate simulations to suggest a linkage between high lat-
itude ice and the marine tropics. High resolution tropical
proxy records from the Cariaco basin in the western



478

tropical Atlantic (e.g., Peterson et al. 2000; Hughen et al.
1996) and Santa Barbara basin in the eastern subtropical
Pacific (Kennett and Ingram 1995), both show climate
variations that co-vary with ice core 3'* O temperature
record during the last glacial period and Holocene that
are recorded in the Greenland Ice Sheet Project IT (GISP
IT—Stuiver and Grootes 2000). In particular, features in
the tropical and subtropical records appear to coincide
with abrupt climate changes in the GISPII record that
are associated with the Dansgaard-Oeschger (D/O)
events and deglaciation (Lynch-Stieglitz 2004). Insofar
as the GISPII isotope record can be interpreted to
originate from changes to northern high latitude land ice
or sea ice extent, it implies a connection between ice
cover and the marine tropical climate. A recent atmo-
spheric general circulation model (AGCM) study (Li
et al., submitted) shows that relatively small displace-
ments in the North Atlantic sea ice edge (presumably in
response to an altered North Atlantic thermohaline
circulation) can easily explain the abrupt changes to
temperature recorded at GISPII, lending credence to the
postulated role of sea ice in abrupt climate change.
Moreover, the timing of the Younger Dryas variations
in the Cariaco basin appears synchronous with the GISP
IT record (Hughen et al. 2000, Lea et al. 2003), sug-
gesting that the high-to-low latitude connection can be
rapid. A teleconnection established by the fast-adjusting
atmosphere is consistent with this observation, although
ocean dynamical mechanisms (e.g., as proposed by Yang
1999) can act relatively quickly as well.

The seminal Last Glacial Maximum (LGM) model
study by Manabe and Broccoli (1985) using the Geo-
physical Fluid Dynamics Laboratory (GFDL) model
with slab ocean demonstrated that the land ice boundary
conditions could affect the tropical climate. They fo-
cused on an interhemispheric asymmetry in their slab
ocean model in response to the LGM land ice, with the
northern hemisphere cooling significantly but the
southern hemisphere temperature not significantly
responding, indicating that the atmosphere primarily
locally balances the radiative forcing introduced by the
ice sheets. While they did not analyze in any significant
detail the reflection of interhemispheric asymmetry in
the tropics, the southward displacement in the ITCZ,
and the meridional gradient in sea surface temperature
(SST) anomaly near the equator are quite apparent from
their surface wind response. In a more recent study with
an updated and higher resolution GFDL model, Broc-
coli (2000) also noted considerable spatial variability in
tropical surface circulation and surface air temperature
response to LGM boundary conditions (incorporating
all LGM boundary conditions, not just land ice) and
suggested that this may be, in part, a result of the in-
terhemispheric asymmetry introduced by the land ice
influence. In particular, he suggested that the inter-
hemispheric asymmetry leads to a reorientation of the
Hadley circulation, with northerly cross-equatorial flow
anomalies and a southward-displaced rising branch of
the Hadley circulation. Chiang et al. (2003) indeed
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shows this to be the case for the tropical Atlantic,
showing that most of the tropical circulation anomalies
in an LGM simulation in the Community Climate
Model version 3 (CCM3) coupled to a slab ocean model
are directly attributable to the land ice influence, as
opposed to the direct effects of orbital or greenhouse gas
changes.

Modern climate variability analogues show that the
meridional position of the marine ITCZ is sensitive to
perturbations. The boreal spring Atlantic ITCZ merid-
ional position varies interannually in response to
anomalous hemispheric gradients in Atlantic SST (e.g.,
Hastenrath and Heller 1977). Furthermore, this ITCZ
response is quite sensitive, shifting position by hundreds
of kilometers in response to relatively small SST gradi-
ent anomalies (~1°C between 15°N and 15°S). This
sensitivity is also demonstrated in model simulations:
e.g., Schneider et al. (1997) shows a significant Pacific
ITCZ meridional displacement to meridional SST gra-
dient changes caused by a doubled CO, experiment in an
AGCM—slab ocean model, but with the SST in the
Pacific cold tongue region fixed to a prescribed level.
Recognizing this sensitivity, Chiang et al. (2003) pro-
posed that marine meridional ITCZ displacements are a
preferred way for the tropics to respond during paleo-
climate changes. An interesting feature of the ITCZ
displacements in the simulations shown here is that they
do not appear to be caused by an externally-imposed
change to magnitude of the subtropical trades, a well-
known cause of tropical Atlantic interannual ITCZ
variability (e.g., Nobre and Shukla 1996). These pecu-
liarities suggested new and interesting climate physics
that are yet to be elucidated in the literature.

This study investigates how the CCM3-slab ocean
model marine ITCZ adjusts to imposed ice cover chan-
ges in the high latitudes. The mechanism for communi-
cation from the midlatitudes to the marine ITCZ
latitudes turns out to be a coupled feedback between
wind, evaporation, and SST (WES feedback) in the re-
gion of the northeasterly trades leading to a progression
of cold SST anomalies to the tropics; a mechanism
previously proposed in the context of tropical Atlantic
variability by Xie (1999). Once the cold SST anomalies
reach the ITCZ latitudes, the ITCZ displaces away from
the hemisphere with the imposed ice cover, aided by
positive feedbacks associated with the displacement. We
also speculate that the particular response of atmo-
spheric moisture plays a significant role in the hemi-
spheric asymmetric nature of the climate response to an
added ice cover in one hemisphere. The exclusion of
ocean dynamics in the model and the vulgarities of this
particular model’s parameterizations may well mean
that the mechanism underlying this influence may not
have a direct bearing on reality. However, the fact re-
mains that this is a typical model used for simulating
earth’s climate and that its tropics distinctly feels an
influence that originates thousands of kilometers away.
It is worthwhile understanding how this comes about
and in the process gain insight on if and how this
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mechanism can manifest itself in the real world. In this
vein, we also explore how this mechanism may be
manifested in the observed modern and paleoclimate
record.

Our paper proceeds as follows. The model and its
configuration that we use are introduced in Sect. 2. The
result of simulations with imposed increased northern
sea and land ice extent is discussed in Sect. 3. We will
show that the anomalies possess zonally symmetric
characteristics, which motivates us to examine the zonal
mean anomalies. To better understand the response, we
examine the transient response of the model to the
imposition of sea ice (Sect. 4). Based on these results, we
propose a mechanism for high latitude ice influence
(Sect. 5) on the marine ITCZ. In Sect. 6, we discuss the
applicability of this mechanism in the real world, in
particular regarding its applicability to the modern and
paleo climate variability.

2 Model description

The model setup used is essentially the same as in
Chiang et al. (2003). We use the Community Climate
Model version 3 (CCM3), general circulation model,
(Kiehl et al. 1998) that has been used extensively in
simulations of the present-day and past climates. It is
coupled to a 50-m fixed depth ocean mixed layer that
allows thermodynamic atmosphere-ocean interactions,
but no ocean dynamics. Our simulations are done in
T31x15 resolution (31 basis functions in the meridio-
nal dimension and 15 for the zonal, equivalent to 48
longitude and latitude grid points). It is somewhat
coarser than the standard T42 resolution of the model,
but the coarser resolution has been demonstrated
successfully to simulate the extratropical (Yin and
Battisti 2001) and tropical climate (Biasutti 2000;
Chiang et al. 2003) and allows an order of magni-
tude increase in model throughput relative to the
CCM3 standard resolution. The faster throughput al-
lows us to experiment with various boundary condi-
tions for testing hypotheses, without unduly sacrificing
realism.

Our control run has imposed modern-day orbital,
greenhouse gases, sea ice, and land surface conditions. A
flux correction Q (hereafter referred to as the Q-flux) is
applied to the surface ocean fluxes to force the slab
ocean to follow the present-day SST monthly mean cli-
matology:

pocoho%_T:F"'Q (1)
t

where p, is the density of seawater (taken to be
1.026x10° kg/m?), C, is the specific heat capacity at
constant pressure (3.93x10% J/K kg), h,, the mixed layer
depth, and F the net surface flux into the ocean. Q is
derived from an uncoupled simulation using fixed cli-

matological monthly mean SST (Kiehl et al. 1996):
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(Tm+l _ Tm—l)

W—F'” (2)

Qm = pocoh:)n
where T™ is the climatological monthly mean SST and
F™ is the monthly mean net surface flux derived from
that same run. In our case, the F™ is averaged over
30 years. The monthly mean Q™ values are linearly
interpolated to obtain the instantaneous Q required in
Eq. 1. We interpret the application of the O-flux as the
imposition of the modern-day ocean heat transport
convergence, though in reality it also corrects for model
bias.

Sea ice coverage is prescribed to be annually periodic
from a monthly mean climatology. The sea ice thickness
is set to 2 m everywhere with a snow depth of 5 cm year-
round. Imposing the sea ice coverage maintains its
compatibility with the imposed Q-flux, which is com-
puted from a fixed climatological SST run with the same
sea ice coverage, so the climate of the control slab ocean
run is very close to that of the fixed-SST simulation.
However, because sea ice is not interactive, we impose
the additional condition that the open ocean tempera-
ture is always above the model sea ice freezing temper-
ature threshold of —1.7999°C. This necessary but
unrealistic constraint has some rational basis: in the
absence of sea ice formation, surface ocean points that
experience cooling when at or near the freezing tem-
perature are often subject to open ocean convection, and
any further temperature drop could be arrested by the
heat exchange with the interior ocean, which we can
assume to be an infinite heat source for the purpose of
our exercise. In practice it means that any ocean point
exercising the SST minimum constraint is a temporary
source of heat to the atmosphere. This SST constraint is
exercised in our simulations by ocean SST points in the
neighborhood of imposed sea ice points. There is a
complementary sink of heat from the atmosphere in
regions where the net surface fluxes is positive into the
ice. Normally this would cause the ice to melt, but this is
not allowed in our integrations because the ice thickness
is prescribed. Given that we do not have interactive sea
ice, our simulations should be viewed as sensitivity
studies, much like the way others have studied atmo-
spheric circulation sensitivities to (say) imposed sea
surface temperature perturbations. We note that other
studies (e.g., Deser et al. 2004) have also investigated
atmospheric circulation changes to imposed sea ice
anomalies.

A control climatology is simulated by running the
CCM3 50-m slab over 35 years, discarding the first
15 years as spinup and averaging over the last
20 years to obtain the climatology. The control run
SST and precipitation is shown in Fig. 1. The SST
simulation is good, as expected by construction. The
precipitation climatology shows a reasonably realistic
distribution though with a somewhat diffuse marine
ITCZ, nonetheless it is sufficiently realistic for our
purposes.
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Fig. 1 The annual mean a SST
and surface land temperature
(in °C) and b precipitation (in
mmy/day) in the CCM3-slab
ocean control run. For surface
temperature, regions below 0°C
are shaded. For precipitation,
the contour interval is 1.5 mm/
day, and regions larger than
4.5 mm/day are shaded
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3 Results of simulations with increased northern hemi-
sphere ice

3.1 Precipitation and surface temperature

We first examine a simulation with an LGM land ice
distribution (shown in Fig. 2a), but with zero ice thick-
ness (i.e., no change in surface orography, so only the
land surface effects, in particular the ice albedo, was
included) was imposed over all present-day land points.
The length of the integration is treated as the same for
the control—35 years, discarding the first 15 years as
spinup and using the last 20 years for the climatology.
The same orbital configuration, sea ice coverage, and
Q-flux were used as in the control. The LGM land ice
cover distribution comes from a reconstruction by

170F 180 120W

Peltier (1994) and is predominantly in the northern
hemisphere (NH) and is essentially a NH forcing. The
additional land ice shifts the ITCZ in all three marine
ocean basins unmistakably southwards, and there is a
widespread cooling in the NH surface temperature,
especially in the high latitudes over the positions of the
additional ice (Fig. 2b, ¢). The southern hemisphere
(SH) surface temperature and the position of the land
ITCZ remain relatively unchanged by comparison. The
interhemispheric asymmetry in the response of land
surface temperatures to land ice has been previously
elaborated by Manabe and Broccoli (1985). A two-sided
t-test shows that the ITCZ displacements in the Pacific
and Atlantic basins are statistically significant at the
95% level (not shown), as is the temperature change
over most regions in the NH. Much of the surface
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Fig. 2 a LGM land ice extent
(in red). b and ¢ Annual mean
differences between the LGM
land ice albedo and present-day
simulations. b SST and surface
temperature (in K) and

¢ precipitation (mm/day). The
difference shows a significant
southward shift of the marine
ITCZ in all the three ocean
basins in the LGM land ice
albedo simulation. The same
perturbation simulation using a
finer T42 resolution gives
qualitatively similar results,
although the magnitude in the
precipitation response is not as
pronounced
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temperature change in the SH is also statistically sig- does not apparently depend on model resolution: a
nificant, even though the amplitude of the changes are similar LGM land ice experiment using the higher T42
small. The effect on the land ice on the marine ITCZ resolution (not shown) exhibits similar anomalies in
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both surface temperature and precipitation, although
the magnitude of the marine precipitation change is less
pronounced, especially over the equatorial Indian ocean.

Imposing anomalous NH sea ice, as opposed to land
ice, has a similar effect. We impose it as done in Chiang
et al. (2003), but applied only to the northern hemi-
sphere (Fig. 3a—additional details for how this distri-
bution was derived can be found in the above reference).
Sea ice is added in the NH high latitudes during most
months of the year, peaking in the NH winter season.
The result (Fig. 3b, c) is qualitatively and quantitatively
similar to the simulation imposing LGM land ice extent,
with the marine ITCZ in all three basins shifting to the
south. The spatial structure of the surface temperature
response (Fig. 3b) differs in the high northern latitudes
compared to the land ice simulation, since the largest
cooling occurs over regions of imposed land/sea ice.
However, the temperature structure, south of 30°N, is
quite similar with a striking correspondence of the
anomalously cooler and warmer regions. The tropical
precipitation response (Fig. 3¢) in the sea ice simulation
resembles that for the land ice simulation even more
markedly, with the southward ITCZ displacement in all
the three ocean basins and relatively little response over
land regions in the annual mean. We interpret the above
result to mean that the mechanism of high-to-low lati-
tude communication is essentially the same in the land
and sea ice simulations.

We note that the imposition of sea ice is not simply
an albedo effect. Sea ice paves over former ocean points
that previously stored heat seasonally and also provided
heat to the atmosphere through imposed ocean heat
transport convergence (we do not replace the lost Q-flux
by redistributing it). Sea ice is a good insulator, and
hence its surface temperature during winter is typical of
land surfaces. In addition, evaporation from sea ice is
usually much smaller than from ice-free ocean. In win-
ter, compared to ice-free ocean, the air overlying sea ice
is typically cooler, drier, and equilibrates faster.

Our result is insensitive to the ocean basin in which
sea ice is imposed. We performed two additional
experiments imposing the same NH additional sea ice,
but confined only to the Atlantic and to the Pacific
sectors respectively. In both cases, the ITCZ shifted
southwards in all the three ocean basins. The result is
also insensitive to the hemisphere where sea ice is im-
posed. We repeated the same experiment but imposing
additional sea ice in the southern hemisphere—the sea
ice anomalies were derived using the same procedure to
derive the northern anomalies. In this case, the ITCZ
displaces northwards in all the three ocean basins (not
shown).

3.2 Zonal mean response
The relative zonal symmetry in the high latitude tem-

perature and marine ITCZ response suggests examina-
tion of zonal mean changes as a useful simplification.

Chiang and Bitz: Influence of high latitude ice cover on the marine Intertropical Convergence Zone

The fields shown in this subsection are for the T31x15
LGM land ice simulation; the results are qualitatively
similar for the NH sea ice simulation. The annual and
zonal mean air temperature change (Fig. 4a) exhibits
cooling almost everywhere, in particular the high
northern latitudes, where the magnitude is up to and
beyond 3 K in the lower troposphere. Away from the
high- and mid-northern latitudes (equatorwards of
30°N), the cooling is significant but relatively small
(between 0 K and 1 K). We also point out that the
tropical hemispheric asymmetry near the equator seen in
the precipitation response does not appear to be strongly
reflected in tropical air temperature, not surprisingly as
the large-scale atmospheric dynamics acts to dampen
tropical tropospheric temperature gradients (e.g.
Schneider 1977).

In contrast, the atmospheric moisture content
exhibits pronounced hemispheric asymmetry. The zonal
and annual mean specific humidity (Fig. 4b) in the NH
hemisphere is substantially drier, while the SH is slightly
moist in the tropical latitudes. The dry anomaly in the
NH is focused over two regions, in the mid-to-high
latitudes centered around 55°N, and in the northern
tropics centered around 10°N. The magnitude of change
generally exceeds 0.3 g/kg in the northern extratropics
above 700 mb and can reach up to 0.8 g/kg near the
surface at around 40-50°N, which is a substantial
change considering that the mean specific humidity at
50°N on the surface is only around 6 g/kg. A relative
minimum in the specific humidity anomaly occurs at
around 30°N, but then picks up again in the deep
northern tropics, with decreases maximizing around
—0.6 g/kg in the lower mid-troposphere (~700 mb).

The tropical changes to the specific humidity reflect
changes to the Hadley circulation. A relatively sharp
gradient in the SST anomaly occurs over the equator
(Fig. 4c¢), consistent with the southward displacement of
the ITCZ, with a ~0.5 K reduction in the NH tropics
(0-30°N) and relatively little change in the SH tropics
(0-30°S). The mean meridional circulation changes with
anomalous uplift just south of the equator and subsi-
dence just to the north of it (Fig. 4d). The anomalously
drier conditions in the northern tropics come primarily
through the total advection tendency (figure not shown),
presumably through the subsidence of drier upper
tropospheric air. Also, the annual and zonal mean cross-
equatorial meridional water transport anomaly
(Fig. 4e)—i.e., the difference between the perturbation
and control values for[qu] where ¢ is the specific
humidity, v the meridional velocity, [...] denotes zonal
average and the overbar the annual mean—in the
atmospheric boundary layer increases southwards by
over 12 (g kg™ ").(ms™") with no compensating transport
above the boundary layer. The anomalous circulation
causes the anomalously drier hemisphere to feed mois-
ture into the anomalously moist hemisphere. We discuss
the significance of this statement in Sect. 6.

The imposed ice dramatically changes the top of
atmosphere (TOA) radiative balance and the poleward
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atmospheric energy transport. Increased albedo in the compensated for by the reduced outgoing longwave
higher northern latitudes results in decreased zonal and radiation (OLR) (Fig. 5b). In the tropics, the changed
annual mean incoming SW at TOA reaching a peak radiative balance reflects the displacement in the ITCZ
magnitude of around —0.25 GW/m summed over the with the effects dominated by increased OLR in the
latitude band (Fig. 5a) of which only about half is anomalously drier northern tropics partly compensated
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Fig. 4 Zonal and annual mean differences between the LGM land
ice simulation and control; a air temperature (contour interval
0.25 K, regions below —1 K are shaded), b specific humidity

for by the increased incoming SW at TOA; and re-
duced OLR in the anomalously wetter southern tropics
again partly compensated for by the reduced incoming
TOA shortwave radiation. The change to the zonal and

0N 30N EQ 308 60S

(contour interval 0.1 g/kg, negative values are shaded, zero contour
omitted); ¢ SST (K), d mean meridional circulation (x10'* kg/s,
negative values are shaded, zero contour omitted), e meridional

annual mean net energy absorbed by the atmosphere in
the LGM land ice simulation (Fig. 5c)—calculated by
subtracting the net energy flux at the surface from the
net flux at the top of the atmosphere (TOA)—show a
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Fig. 5 Annual mean energy flux
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redistribution of energy absorbed by the atmosphere
with a substantial increase in the southern tropics (0—
20°S), and small increases in the northern subtropical
(around 30°N) and polar regions (around 80°N),
accompanied by decreases in the northern tropics
(around 15°N) and northern mid-to-high latitudes
(around 55°N). This redistribution is almost entirely
due to the radiative changes at the TOA: changes to
the annual mean surface fluxes summed over latitude
bands are basically zero everywhere except for small
changes (less than 0.05 GW/m) in the high northern
and southern latitudes where the fixed lower bound of
—1.7999°C on the SST, and also the fixed interior
ocean temperature used in the sea ice heat flux calcu-
lation, imparts a small energy input into the atmo-
sphere.

In the global and annual mean, the global TOA
shortwave flux towards the earth decreases by 0.66 PW,
and compensated for by a 0.56-PW reduction to the
OLR and 0.1 PW from the surface heating at high
latitudes. The zonal and annual mean atmospheric
energy transport (Fig. 5d)—whose structure is deter-
mined primarily by radiative changes at the TOA—
shows a substantial (~0.35 PW) increase to the north-
ward atmospheric transport over the equator, of which
a portion is lost (energy convergence) in the northern
tropics and again in the northern midlatitudes (around
50°N). We defer our interpretation of the altered en-
ergy budget to Sect. 5, when we introduce a mechanism
for the high latitude influence on the tropical marine
ITCZ.

4 Transients and surface flux analysis

How does the high latitude ice influence reach the tro-
pics? We examine the adjustment process using CCM3-
slab ocean ensemble simulation with ten members,
where anomalous NH sea ice cover (the same anomalies
as discussed in Sect. 2 and Fig. 3) is abruptly introduced
in 1 September of year 0. Each ensemble member was
started from a different initial 1 September atmospheric
and sea surface temperature conditions (obtained from
the control simulation), and run out for 6 years during
which the climate has mostly adjusted towards the new
equilibrium state. We constructed the baseline clima-
tology by running another ten-member ensemble with
the same initial conditions, but without the sea ice cover
anomalies. The anomalous fields we show in this section
are monthly mean differences between the two ensemble
means.

Transients associated with surface temperature
(Fig. 6, top panel) show rapid initial cooling of up to
and over 8 K of the entire high northern latitudes
occurring within the first 3 months from onset. The
cooling steadily migrates southwards over the sub-
sequent 2-3 years (Fig. 6, panels 2—4), although the
cooling already penetrates into the northern tropical
Pacific after the first year. The northern subtropical
Pacific SST cooling exhibits a distinct structure coinci-
dent with the spatial footprint of the northeasterly
trades. Similar behavior is seen with the boundary layer
specific humidity, with dry anomalies coincident with
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the sea surface temperature cooling (not shown). A
similar footprint coincident with the northeasterly trades
occurs in the subtropical Atlantic, although it is more
readily apparent when viewing the annual mean anom-
alies (see Figs. 2, 3, for example) than in the September-
November anomalies shown in Fig. 6. Once the SST
anomalies reach the marine ITCZ latitudes, the south-
ward displacement of the ITCZ occurs (Fig. 6, red
contours). The transient signal from the high-to-low-
latitudes is also prominent in the humidity content in the
atmosphere. The anomalous zonal mean tropospheric
moisture content shows prominently the equatorward
progression and ITCZ response (Fig. 7). In particular,
once the ITCZ displacement sets in, the hemispheric

120W 60W 0

asymmetry in moisture content anomalies sets in as a
consequence of the altered moisture transports by the
anomalous Hadley circulation.

The high-to-low latitude communication leading up
to the marine ITCZ displacement thus appears linked to
the progression of SST anomalies along the subtropical
oceans, in particular the northeasterly trades. We sim-
plify the situation by examining anomalies zonally
averaged over the ocean, and averaged in 3-month
chunks. The Hovmoller plot of the SST anomalies
(Fig. 8a) confirms the southward progression of the cool
SST anomalies; as a visual aid, we outline its —0.2 K
and —0.1 K contours (dashed) in subsequent Hovmoller
plots to indicate the leading edge of the cooling. The
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progression of the SST ‘front’ leads to a pronounced
southward ITCZ displacement around 12-15 months
after the sea ice is advanced (Fig. 8b). The analysis is
made more complicated by the seasonal dependence of
the precipitation anomalies (which track the seasonal
migration of the ITCZ), but the onset of the displace-
ment is clear.

How do the SST anomalies progress to the ITCZ
latitudes? The zonal mean net surface flux anomalies
over the oceans (Fig. 9a) show that heat is generally

extracted from the northern midlatitude and tropical
oceans immediately following the imposed abrupt in-
crease in ice coverage to around 50 months after on-
set. The initial net heat flux out of the ocean coincides
with the SST ‘front’ implying that its decomposition
may help interpreting its cause. We examine three
periods in the evolution corresponding to the time of
initial SST cooling in the subtropics (1-6 months), the
progression of cold anomalies towards the ITCZ lati-
tudes (6-15 months), and after the onset of ITCZ
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Fig. 8 Zonal mean anomalies in the transient experiment com-
puted after sea ice onset. Anomalies are calculated from the mean
of the ensemble experiments, subtracted from the mean from a
control simulation. a SST (in K—time is in months after the onset

displacement (beyond 15 months). In the initial phase
(1-6 months), the rapid cooling north of 20°N
(Fig. 9a) is brought about primarily by sensible heat
flux north of 30°N (Fig. 9b), and latent heat flux be-
tween 20°N and 30°N (Fig. 9c). The increased sensible
heat flux is caused primarily by increased air-sea
temperature difference (Fig. 10a) caused by the
advection of cooler air from the imposed sea ice re-
gions to the midlatitude oceans. The latent heat flux
anomaly appears to be caused by an increase in the
wind speed (Fig. 10b).

Similarly, the progression of the SST front into the
ITCZ region in the months 6-15 is also caused by the
latent heat flux, through increased surface wind speeds
(Figs. 9c, 10b respectively); note that the air-sea specific
humidity difference decreases along the SST front
(Fig. 10c), implying that evaporation would have been
reduced if this was the sole influence. The increased wind
speed originates from an anomalous north-south sur-
face pressure gradient coupled to the SST front
(Fig. 10d); the anomalous pressure gradient drives eas-
terlies that act to increase the surface wind speeds in the
northeasterly trades. The anomalous surface pressure
gradient likely comes about through the reduced
boundary layer air temperatures, north of the SST front,
that act to hydrostatically increase the surface pressure;
however, the cause is clearly more complicated as there
is a distinct seasonality in the surface pressure anomalies
that favor the boreal winter months. This coupling be-
tween the wind speed, evaporation, and SST, leading to
an equatorward propagation of SST anomalies, is con-
ceptually similar to the wind-evaporation-SST (WES)
feedback mechanism proposed by Xie (1999), which he
introduced as an explanation for the tropical Atlantic
SST “dipole’ mode.

The ITCZ displacement occurs around month 15
when the SST front reaches the ITCZ latitudes, and the
anomalous meridional pressure gradient (Fig. 10d)
drives a significant southward anomalous cross-isobaric
flow. The occurrence of the anomalous pressure gradient
giving rise to the ITCZ displacement appears broadly
consistent with the hypothesis put forward by Tomas
et al. (1999) for a central role of cross-equatorial pres-
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sure gradients in positioning near-equatorial convection.
A significant feature of this flow is the strengthening of
the tropical northeasterly trades that increase the latent
heat flux to the north of the mean ITCZ position, and
weakening of the tropical southeasterly trades that re-
duces the latent heat flux to the south of the mean ITCZ
position; this is again a WES positive feedback (Xie and
Philander 1994, Chang et al. 1997) that acts to maintain
the meridional SST gradient and hence ITCZ displace-
ment anomaly. A relatively weak positive feedback also
comes about through the increased net clear sky radia-
tion out of the surface (Fig. 9d) primarily through
reduction of the clear sky downwelling longwave flux, a
consequence of the drier tropospheric atmosphere as a
result of the ITCZ displacement. These positive feed-
backs on the anomalous meridional SST gradient are
compensated by surface cloud radiative forcing
(Fig. 9¢), a consequence of the high cloud changes
associated with the ITCZ displacement (Fig. 10f).

We note that unlike the permanent change to the
near-equatorial wind speed after the ITCZ displacement,
the WES-induced wind speed increase in the subtropics
10-30°N (Fig. 10b) that induced the initial SST cooling
there does not appear to remain a permanent fixture.
The partitioning of the fluxes over the subtropical
oceans after the initial SST cooling reveals increased
sensible and clear sky radiative fluxes out of the ocean
balanced by a reduced cloud radiative flux (the latent
heat flux contribution depends on the season). The
changed partitioning of the surface flux appears consis-
tent with that expected for a colder and drier mean
climate: decreased Bowen ratio, reduced clear sky
downwelling radiation due to reduced air humidity; and
reduced cloudiness, primarily high cloudiness (Fig. 10e,
f, respectively).

5 Proposed mechanism and interpretation

We first propose a mechanism for high latitude ice
influence on the marine ITCZ based on our analysis of
the simulations, after which we offer an interpretation of
the model response.
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Fig. 9 Surface flux analysis in
the transient experiment.
Anomalies are calculated as
zonal averages over all ocean
points. Note that the units are
W/m?, and the color scale is the
same for all panels, and positive
values are into the ocean. The
two black lines in each panel are
the —0.2 and —0.1 K isotherms
of the SST anomaly shown in
Fig. 8a and indicate the leading
edge of the equatorward 40
propagating SST anomaly.

a Net surface flux, b sensible
heat flux, ¢ latent heat flux,

d clear sky radiative flux, and
e cloud radiative forcing

20

latitude

latitude

489

40

20

<
latitude

0 10 20 30
month

40

40

20

latitude

()
latitude

10 20 30
month

5.1 Proposed mechanism for high latitude influence
on the marine ITCZ

5.1.1 STEP I: equatorward propagation

The onset of additional northern high latitude ice re-
duces both latent and sensible heat fluxes to the atmo-
sphere above, which locally cools and dries the
atmosphere. This cooling and drying spreads rapidly
over the entire high latitude atmosphere through trans-
port and mixing, which in turn induces the high latitude
land and ocean surfaces to cool. This cooling also sim-
ilarly extends into the midlatitude oceans. Further
southward communication occurs in the region of the
northeasterly trades. The cooler midlatitude oceans give
rise to anomalous meridional surface pressure gradients
that drive anomalous easterlies in the region of the cold
SST ‘front’, where the mean state winds are easterly (i.e.,
the northeasterly trades), the surface wind speed in-
creases, resulting in increased evaporative cooling that
pushes the cold SST front further equatorward. This is a
variation of the WES feedback previously proposed by
Xie (1999).

5.1.2 STEP 2: tropical marine ITCZ feedback

Once the SST front reaches the vicinity of the tropics,
surface pressure anomalies associated with them intro-

40 0 10 20 30 40
month

duce an anomalous meridional pressure gradient across
the ITCZ latitude resulting in a southward cross-equa-
torial flow. This displaces the ITCZ to the south, initi-
ating positive feedback processes that keep the ITCZ
southwards by maintaining the anomalous meridional
SST gradient. The positive feedbacks come from the
latent heat flux through altered wind speed resulting
from the southward cross-equatorial flow, and reduction
in the clear sky downwelling longwave flux, a conse-
quence of the reduced atmospheric humidity. A positive
surface longwave flux feedback associated with changing
convection has also been noted previously by Wang and
Enfield (2003). The cloud radiative fluxes (primarily due
to its shortwave component) provide the negative feed-
back, originating from high cloud cover changes tied to
the ITCZ displacement. A new equilibrium tropical SST
and energy balance is reached, one that combines an
anomalous southward ITCZ displacement with anoma-
lous SST gradients (primarily cooler north—the south
remains more or less unchanged) across the mean ITCZ
latitude.

We note that this mechanism is consistent with the
following features of the model response to an increased
ice extent:

— The relative independence of this effect on the longitude
position of the imposed sea ice. Since the entire high
latitude atmosphere and surface is rapidly cooled
when anomalous ice cover is imposed (because of fast
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Fig. 10 Various anomalous zonally averaged fields in the transient
experiment (computed over ocean points only): a Air—sea temper-
ature difference expressed as a fraction of the mean air-sea
temperature difference of the control simulation, b wind speed,
expressed as a fraction of its mean, ¢ Air-sea specific humidity
difference, expressed as a fraction of its mean, d Surface pressure
(Pa) and surface wind vectors, e total cloud cover (%), and f high

atmospheric advection and mixing), the subsequent
equatorward progression of the cold anomalies is
independent of the longitude position of the imposed
ice.

— The coincidence of the northern subtropical SST
anomalies with the northeasterly trades. The WES
feedback that is responsible for the initial equator-
ward progression requires a basic state surface east-
erly flow. Furthermore, the northeasterly trades
advect cooler and drier air from the mid- and high
latitudes that help maintain the cooler conditions over
those regions.

— The response to southern hemisphere sea ice anomalies.
This mechanism works equally well in the northern or
southern hemisphere; we reported in Sect. 3.1 that a
simulation imposing an additional SH sea ice shifted
the marine ITCZ northwards in all the basins.

— The absence of a similar ITCZ displacement over land.
The position of the ITCZ over the tropical oceans
results from an interplay of meridional SST gradients,
surface pressure, and the boundary layer winds (e.g.,
Hastenrath and Heller 1977; Xie and Philander 1994;
Chiang et al. 2002) that effectively makes the ITCZ
position sensitive to changes in the meridional SST
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cloud cover (%). As with Fig. 9, the black lines are the —0.2 and
—0.1 K isotherms of SST anomalies of Fig. 8a. Note that the air—
sea temperature difference, air-sea specific humidity difference, and
wind speed are expressed as fractions of its means as they give a
rough indication of their relative contributions to the fractional
change to the latent or sensible heat flux

gradient. On the other hand, we conjecture that be-
cause the land is relatively dry, the latent heat flux
changes that lead to anomalous meridional surface
temperature gradients over the oceans do not occur
over land. Also, because of the small thermal inertia
over land, any land surface temperature perturbation
that results from advecting drier and colder air over
land is likely overwhelmed on seasonal timescales by
the land response to changing seasonal insolation.

5.2 Interpretation

We argue that atmospheric humidity may be important
in maintaining the hemispheric asymmetric nature of the
climate response. Since water vapor is a greenhouse gas,
it helps set the underlying equilibrium surface tempera-
ture so that the hemisphere with reduced water vapor
content can support a lower SST than the hemisphere
with higher atmospheric water vapor. We speculate that
this is ultimately how the cool SST anomalies in sub-
tropics are maintained: recall that the increased sub-
tropical trades that initially gave rise to the cooler
subtropical SST anomalies do not persist, and so wind
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speed cannot be responsible for ‘pinning’ the subtropics
to the cooler state. We postulate that the reduced
atmospheric water vapor content acts as this ‘pin’: ini-
tially coming from passive advection of drier air from
the higher latitudes into the subtropics, and later on by
the change to the Hadley circulation.

If our arguments regarding the role of atmospheric
humidity is correct, then a question is how the atmo-
sphere can support a pronounced hemispheric asym-
metric response in water vapor as seen in our model
simulations. The answer has to do with the peculiarity in
the ITCZ response—that the ITCZ displacement to the
anomalously warmer hemisphere also transports mois-
ture from the anomalously drier to the anomalously
moist hemisphere (Sect. 3). So, the meridional ITCZ
displacement effectively prevents dry anomalies from
extending into the opposite hemisphere and allows in-
stead the maintenance of a sharp anomalous humidity
gradient at the ITCZ latitude.

From an energetics viewpoint, the ITCZ displace-
ment can be interpreted as the required response of the
model Hadley circulation in transporting atmospheric
energy northwards to compensate for the loss of energy
in the high latitudes as a result of the imposed ice. The
increased albedo due to the imposed ice reduces the net
shortwave flux at the TOA in the high northern latitudes
requiring a reduction of the air temperature and
humidity there to reduce OLR to compensate. However,
this compensation is not sufficient and the atmosphere is
required to increase poleward heat transport to those
latitudes to close the energy budget. The CCM3-slab
ocean model achieves this by shifting the ITCZ south-
wards, modifying the radiative budget to absorb more
radiative flux (this comes about basically by going into a
deeper convective regime). This increased energy
absorption is then transported to the northern tropics by
the altered Hadley circulation. Some of this energy is
then lost to space in the northern tropics, but the bulk of
it is transported to the northern high latitudes via in-
creased atmospheric stationary and transient eddy
transports.

6 Relevance to observed climate changes?
6.1 Present-day climate

Can we detect the influence of the high latitudes on
tropics in the modern-day climate variability? We tried a
straightforward data exploration, using the 1979-2002
period, where there are satellite estimates of tropical
marine precipitation. To define the high latitude influ-
ence, we computed anomalous surface temperatures
areally averaged from 60°N to the North Pole and
subtracted them from the same but for 60°S to the South
Pole. The ‘data’ we used were from the National Center
for Atmospheric Research/National Centers for Envi-
ronmental prediction reanalyses (Kalnay et al. 1996). To
accentuate the longer-term variability, we smoothed the
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resulting timeseries by applying a 13-month running
mean. The timeseries (Fig. 11a), which represents vari-
ations in the interhemispheric difference in high latitude
surface temperature, shows interdecadal variability with
a ‘low’ (warmer SH, cooler NH) period from 1983-1992
and after 2002 (grey shaded years), and ‘high’ period
before 1983 and 1993-2001. We composited the high-
and low years, and subtracted the mean of the high from
the mean of the low composites. The result for the
precipitation field using such an analysis is shown in
Fig. 11b. It shows a suggestion of ITCZ displacement in
various regions—in particular, the Indian and the
tropical Atlantic—and in the correct direction. The zo-
nal mean of this response (Fig. 11c) shows this more
clearly; however, the analysis remains unconvincing. An
important point we emphasize is that the changes to the
hemispheric difference in high-latitude temperature are
quite small —O(0.1 K) compared to the O(1 K) changes
seen in our model experiments—which leads us to con-
jecture that the influence of high latitudes on the tropics
may be relatively subtle in this case, consistent with our
findings.

6.2 Paleoclimate

Paleoclimate scenarios that involve significant changes
to high latitude ice (more generally, hemispheric changes
to temperature) are more plausible candidates for this
mechanism. There is an increasing evidence to suggest
that changes to the tropical climate occur associated
with high latitude climate changes and in the sense
demonstrated by the model. It is beyond the scope of
this paper to offer a comprehensive review of paleocli-
mate literature in this regard (this will be the subject of a
future study), but we briefly mention these paleoclimate
situations where significant hemispheric asymmetries
potentially came to play.

6.2.1 Unipolar glaciation during the late Tertiary

The onset of significant Antarctic glaciation occurred
around 38 million years ago at the beginning of the
Oligocene period, reaching its maximum volume around
the late Miocene around 6 million years ago (Flohn
1981). Significant northern hemisphere glaciation and
Arctic sea ice cover did not occur until around 3 million
years ago. Flohn (1981) noted this highly asymmetric
evolution in the earth’s climate and using the then
available paleoproxy evidence, advanced the case for a
hemispheric circulation asymmetry where the “‘meteo-
rological equator” was displaced from its present-day
position of about 6°N to about 10°N.

6.2.2 The Holocene and last glacial periods

Several high-resolution paleoclimate proxies interpreted
as meridional ITCZ displacements whose behavior rel-
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Fig. 11 Investigating high-low latitude linkages in the modern
data. a the difference between 60°N and 90°N averaged surface
temperature anomalies from the 60°S to 90°S surface temperature
anomalies over 1979-2002 (see the text for details). The shaded
regions define the ‘low’ index years from the ‘high’ (non-shaded) in

ative to temperature variations in the high northern
latitudes (as measured by the Greenland ice cores) is
broadly consistent with this mechanism. The premier
example is the Cariaco basin record that shows north-
ward (southward) shifts in the Atlantic ITCZ during
warm interstadial (cold stadial) periods of the last glacial
period and a pronounced shift northward during
deglaciation punctuated by a return to a southward
position during the Younger Dryas (Peterson et al.
2000); and also a slow drift southward from the early
Holocene to the present day (Haug et al. 2001), consis-
tent with a gradual cooling of northern hemisphere
temperatures during the course of the Holocene. Kou-
tavas and Lynch-Stieglitz (2004) offers a comprehensive
review of marine ITCZ change during the Ilast
30,000 years, and argues that north-south ITCZ varia-
tions over the Pacific, South America, and Atlantic
oceans coincide with northern high latitude climate
changes with warmer northern high latitude climate
implying more northward ITCZ position.

We can explore the LGM situation further by
examining simulations in the Paleoclimate model inter-
comparison project (PMIP—Joussaume and Taylor
2000) with an interactive ocean. The question we ask is
whether or not a tropical ITCZ signature of the LGM
ice forcing is visible, given that the models have different
parameterizations and that insolation and greenhouse
has concentrations are also changed during the LGM.
The 21-Kbp insolation is generally similar to present

the composite analysis. b Annual mean composite difference of the
1979-2002 precipitation between the ‘high’ and ‘low’ years defined
in (a). ¢ Zonal averages of the precipitation anomalies in (b). Units
of precipitation are mm/day

day, and CO, changes generally force a uniform cooling
in the tropics (e.g., Chiang et al. 2003), so that those two
effects are unlikely to directly force a significant tropical
hemispheric asymmetry. The topographic and albedo
effects of the northern hemisphere land ice sheets are
more likely to be significant for forcing tropical asym-
metry.

Figure 12 shows the LGM minus present day in an-
nual mean precipitation in the PMIP simulations (Ta-
ble 1 gives a summary of the various models and their
ocean components). The tropical response varies sub-
stantially between models (note the different contour
intervals for the different panels in Fig. 12), with par-
ticularly pronounced responses in the MRI2 and UG-
AMP model simulations. Nonetheless, the majority of
the model simulations (with the exceptions being the
Canadian Center and Genesis 1 models) exhibit south-
ward ITCZ displacement during LGM. We also note
that our CCM3-slab ocean model, which is updated
from the CCM1 model of the PMIP simulation, shows a
pronounced southward ITCZ displacement in all the
three ocean basins when the full LGM boundary con-
ditions are applied (not shown). The result suggests that,
while our proposed mechanism appears to operate in a
majority of the PMIP models, there is a sizable range in
model sensitivity. A similar conclusion was reached by
Chiang (2003) specifically comparing the tropical
Atlantic ITCZ response across the PMIP model simu-
lations of the LGM.
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Table 1 The list of model data from the Paleoclimate Intercomparison Project (PMIP) and a brief description for each model. Other
PMIP models were excluded either because the requisite run was not available, or because the model dynamics were not adequate to
simulate ITCZ behavior

Label Model and resolution Description of ocean
CcCC2 Canadian Center for climate modeling and analysis model Mixed layer model
CCMA version 2 (T32 L10)
CCM1 National Center for Atmospheric Research CCM1 (R15 L12) 50 m mixed layer, fixed annual mean,
zonally symmetric OHT
GENI1 National Center for Atmospheric Research/Pennsylvania State 50 m mixed layer, fixed annual mean,
University (NCAR/PSU) GENESIS 1.02A (R15 L12) zonally symmetric OHT
GEN2 NCAR/PSU GENESIS 2 (T31 L18) 50 m mixed layer, diffusive OHT
GFDL Geophysical Fluid Dynamics Laboratory model CDG (R30 L20) 50 m mixed layer, prescribed seasonally and
spatially varying OHT
MRI2 Meteorological Research Institute model MRI GCM-IIb (4x5 L15) 50 m mixed layer, prescribed OHT restores
model SST and sea-ice amount to observations
UGAMP UK Universities’ Global Atmospheric Modeling programme Mixed layer, prescribed seasonally and spatially
model UGAMP UGCM version 2 (T42 L19) varying OHT restores to present-day SST
UKMO United Kingdom Meteorological Office model UKMO Bryan-Cox primitive equation ocean model
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Fig. 12 Annual mean precipitation differences between the PMIP
LGM and control simulations. See Table 1 for a synopsis of the
various model configurations. Note that the contour intervals of
the various panels differ and are indicated on top of each panel.
Positive values above the first positive contour are shaded in the
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light shade, negative values below the first negative contour is in the
darker shade, and the zero contour is not shown. This comparison
shows that something like a southward displacement in the oceanic
rainfall occurs in most model simulations, but that the magnitude
of the change varies considerably across models
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6.3 Discussion on applicability

The omission of interactive sea ice and ocean dynamics
in our model setup may preclude a meaningful appli-
cation of our mechanism to the real climate. The
hypothesized influence of sea ice anomalies on the
tropical climate depends on the sea ice anomalies lasting
sufficiently long for the communication to reach the
tropics, which according to our analysis can potentially
take up to a few years (depending on the thermal inertia
of the surface ocean). Also the sea ice anomalies, which
we imposed in our simulations, will likely evolve given
the presence of interactive sea ice physics. Simulations
with interactive sea ice are a truer test for the influence
of sea ice anomalies on the tropical climate, and we plan
to investigate them in the future.

Ocean dynamics may change the response of the
climate to high latitude ice in these ways: first, the loss of
energy in the high latitudes due to the imposed ice—that
we argued is ultimately compensated for by increased
energy absorption by the southern tropical atmosphere
through the ITCZ displacement—may alternatively be
compensated for by increased ocean heat transport to
the mid- or high latitudes, thus negating the need for the
ITCZ to shift. Second, the ‘real’ tropical response to
high latitude ice may be quite different from the simple
ITCZ displacement in the CCM3-slab ocean. Tropical
ocean-atmosphere feedbacks—in particular the Bjerknes
feedback—may act on the forcing to bring about a very
different response. Note that our model tropical SST
response to LGM land ice forcing (Fig. 2b) does in fact
show that the zomal equatorial SST gradient is alter-
ed—and this may act as a forcing on the Bjerknes
feedback that is thought to establish the east-west zonal
contrast in the equatorial Pacific. We have tentative
modeling evidence to support this conjecture: when we
applied the CCMa3-slab ocean tropical Pacific SST
anomalies in Fig. 2b to an intermediate coupled model
that simulates ENSO behavior in the tropical Pacific (we
used a variant of the Cane-Zebiak model as developed
by Battisti (1988)) as a forcing, the intermediate coupled
model responds by reducing the equatorial Pacific SST
gradient even further.

7 Summary and discussion

We investigated why the CCM3-slab ocean marine
ITCZ in all the three ocean basins shifts meridionally
away from the hemisphere with imposed high latitude
ice and altering the global Hadley circulation. We
showed in particular that:

1. Land and sea ice produced similar effects on the
ITCZ, suggesting that the underlying mechanism is
the same for both forcings.

2. For the sea ice forcing, the impact was qualitatively
similar whether the sea ice was imposed in the north
Atlantic or north Pacific. Furthermore, imposed
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additional sea ice in the southern hemisphere pushed
the ITCZ in all three basins northwards.

3. The independence of the response to the longitude of
the imposed sea ice leads us to analyze zonally sym-
metric responses. The anomalous zonal mean specific
humidity displays pronounced interhemispheric
asymmetry, with substantially reduced humidity in
the hemisphere with imposed sea ice, and slightly
increased humidity in the opposing tropical hemi-
sphere. The mean meridional circulation also changes
in a manner consistent with the ITCZ shift.

4. Examination of transients after the abrupt onset of
northern sea ice forcing showed a southward pro-
gression of cooler SST anomalies from the imposed
sea ice latitudes. Once the anomalies reached the
ITCZ latitude, the resulting meridional gradient in
SST thus induced shifted the ITCZ southwards.

We proposed a mechanism for the high latitude ice
communication to the marine ITCZ based on our
analysis. Northern high latitude ice cools and dries the
atmosphere above, which in turn initiates cooling of the
entire northern high- and midlatitudes through advec-
tion. A WES mechanism (Xie 1999) in the region of the
northeasterly trades of the North Pacific and Atlantic
oceans initiates further progression of the cold SST
‘front’ to the ITCZ latitudes. Once the cold SST front
reaches the ITCZ latitudes, the meridional SST gradient
thus induced initiates a southward shift of the ITCZ.
Positive ocean-atmosphere feedbacks—WES, and long-
wave—amplify and maintain the ITCZ displacement.

We argued that the atmospheric moisture may play a
prominent role in the nature of the climate response to
the high latitude ice influence. The anomalous cross-
equatorial moisture transport resulting from the marine
ITCZ response gives rise to a pronounced hemispheric
asymmetric response in the atmospheric humidity, with
drier conditions in the hemisphere with the imposed ice
cover, and only small changes in the other hemisphere.
The greenhouse effect of water vapor implies that the
anomalously drier hemisphere also has to be cooler as a
result—it ‘pins’ the climate of that hemisphere to be
colder. From an energy viewpoint, the increased out-
going radiative flux lost at the imposed ice latitudes is
compensated for by an increased energy flux into the
atmosphere in the southern tropics, which is transported
to the imposed ice latitudes through increased atmo-
spheric heat transports, in particular by the altered
Hadley circulation in the tropics, and increased sta-
tionary and transient eddy transports in the northern
midlatitudes. The lack of dynamical ocean feedbacks
precludes a more meaningful comparison of our pro-
posed mechanism to the observed and inferred climate
variability and change, although we argued that our
mechanism may indeed be applicable in paleoclimate
scenarios like the LGM where substantial hemispheric
asymmetric changes to high latitude ice occurred.

We end off by discussing various intriguing implica-
tions of the results. First, our interpretation of the re-
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sponse of our model Hadley circulation to imposed high
latitude ice cover in balancing the global energy budget
resonates with a view recently advanced by Trenberth
and Stepaniak (2003) that vastly different energy trans-
port mechanisms, in particular the Hadley and eddy
transports, must be working coherently to maintain a
‘seamless’ poleward atmospheric energy transport. A
particularly interesting statement of theirs is that
“cooling by transient eddies in the subtropics is a fun-
damental driver of the observed Hadley circulation and
realizes the seamless transport from Tropics to extra-
tropics, while tropical sea surface temperatures over the
oceans determine where the upbranch is located”
(Trenberth and Stepaniak 2003). A reexamination of the
model response specifically in view of their interpreta-
tion and directed towards understanding the equilibrium
response, rather than the focus of the adjustment in this
study, may well yield interesting results.

Our results may be germane to understanding the
northward bias in the position of the marine ITCZ. This
bias is usually attributed to the hemispheric asymmetry in
the earth’s surface boundary conditions, most notably (1)
a continental configuration that puts significantly more
land in the north than in the south, (2) in the eastern
Pacific, a southeast-to-northwest tilted coastal geometry
that promotes coastal upwelling in the south but not in
the north (Philander et al. 1996), and (3) in the eastern
Atlantic, the bulge of West Africa that provides a mon-
soonal influence over the equatorial oceans favoring the
establishment of a northern marine ITCZ (Xie and Saito
2001). While the role of hemispheric asymmetric land
area is commonly invoked as a possible cause, the specific
mechanism of how this influences the marine ITCZ po-
sition has never been articulated to our knowledge; we
wonder if what we propose is in fact this mechanism. It is
not yet known what the relative importance of the above
influences are on the hemispheric preference in the mean
ITCZ position. However, paleoclimate scenarios may
offer a possible test, since the change to the land and sea
ice during LGM and during abrupt change events can be
viewed as changes to the direction in the influence of
hemispheric asymmetric distribution of land cover (in
other words, more land to the north—considered a
warming influence—changes to a cooling influence when
land ice sheets occur over them).

Another climate dynamics problem that our mecha-
nism may usefully shed light on is the global impact of
the Younger Dryas, and Dansgaard-Oeschger (D/O)
events during the last glacial period. These events are
thought to arise from variations in the strength and
position of the North Atlantic deep water formation
regions that determine the North Atlantic thermohaline
circulation, and the impact of these events are glo-
bal—they occur not only over the tropical marine re-
gions (as discussed in the introduction), but also over
disparate regions like the Indian and Southeast Asian
monsoon (e.g., Schulz et al. 1998), New Zealand (e.g.,
Denton and Hendy 1994), and in the Andes (e.g., Baker
et al. 2001). Vellinga and Wood (2002), and Dong and
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Sutton (2002) show from coupled model studies the
tropical and global impacts of a simulated thermohaline
circulation shutdown. A common hypothesis for how D/
O events are communicated globally is through invoking
altered ocean heat transports associated with the chan-
ged North Atlantic thermohaline circulation—an oce-
anic teleconnection mechanism. Our results suggest an
alternative to the oceanic teleconnection: noting that a
reduction in the thermohaline circulation likely increases
North Atlantic sea ice cover (Li et al., submitted), the
global impacts could be communicated via the atmo-
spheric/surface thermal ocean mechanism proposed
here. In particular, if the tropical Pacific can be induced
to change as a result of the sea ice influence, the tropical
feedback may result in an amplifcation and globaliza-
tion of climate changes initiated by the change to sea ice
cover.

We note that the wholesale shift of the marine ITCZ
appears in other slab ocean model studies with hemi-
spheric asymmetric forcing suggesting that the ITCZ
displacement is a preferred response thereof. A prominent
hemispheric asymmetric forcing relevant to present-day
climate is the indirect effects of anthropogenic sulphate
aerosol, whose distribution is strongly weighted to the
northern hemisphere. A simulation by Rotstayn and
Lohmann (2002) with the CSIRO AGCM-slab ocean
model forced by anthropogenic sulphate aerosol produces
a southward-shifted ITCZ. A similar result was found by
Williams et al. (2001) using the Hadley center atmospheric
model also coupled to a mixed layer ocean; they found in
particular that feedback by the SST and sea ice was
important in cooling the high latitudes and meridional
SST gradient that pushes the ITCZ southwards.

The greenhouse gas forcing of earth’s climate also has
a prominent hemispheric asymmetric response even
though the forcing itself is symmetric, with more sub-
stantial temperature increases in the high northern lati-
tudes (Stouffer et al. 1989). Observations of sea ice
extent show dramatic decreases over the last 20 years in
the northern hemisphere, but insignificant changes to the
southern hemisphere (Intergovernmental Panel on Cli-
mate Change Third Assessment Report, 2001: http://
www.ipcc.ch), and projections of the sea ice response
shows this asymmetry to persist. The hemispheric dif-
ferential response to sea ice can potentially induce
change to the tropics and in particular to the ITCZ
through mechanisms proposed here. Indeed, global
warming simulations by the second author (which will
be reported in another study) using the Community
Atmosphere Model coupled to a slab ocean and inter-
active sea ice model shows these effects quite promi-
nently—a hemispheric asymmetric change to sea ice
cover and tropical marine ITCZ behavior consistent
with the sea ice changes.
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