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Abstract This ten-year general circulation model
experiment compared a simulation where land surface
boundary conditions were represented by observed,
present day land cover to a simulation where the surface
was represented by natural, potential land cover condi-
tions. As a result of these estimated changes in historical
land cover, signi®cant temperature and hydrology
changes a�ected tropical land surfaces, where some of
the largest historical disruptions in total vegetation
biomass have occurred. Also of considerable interest
because of their broad scope and magnitude were
changes in high-latitude Northern Hemisphere winter
climate which resulted from changes in tropical con-
vection, upper-level tropical out¯ow, and the generation
of low-frequency tropical waves which propagated to
the extratropics. These e�ects combined to move the
Northern Hemisphere zonally averaged westerly jet to
higher latitudes, broaden it, and reduce its maximum
intensity. Low-level easterlies were also reduced over
much of the tropical Paci®c basin while positive anom-
alies in convective precipitation occurred in the central
Paci®c. Globally averaged changes were small. Com-
parisons of recent, observed trends in tropical and
Northern Hemisphere, mid-latitude climate with these
simulations suggests an interaction between the climatic
e�ects of historical land cover changes and other modes
of climate variability.

1 Introduction

While some of the earliest studies of the e�ects of the
land use change were of global scope (e.g., Sagan et al.
1979 and others reviewed in Mintz 1984), and some re-
cent studies have examined the e�ects of extratropical
land cover change on regional climate (e.g., Bonan et al.
1992; Copeland 1995; Stohlgren et al. 1998), most recent
e�orts have been understandably concentrated more on
regional e�ects of tropical deforestation and regional
deserti®cation because of the vulnerability of these
ecosystems and their importance to human populations
(e.g., Xue and Shukla 1993; Xue 1997; Claussen 1998).
Little acceptance has been given to the idea, however,
that anthropogenic land cover changes of the type al-
ready observed can signi®cantly in¯uence global climate.
Of the few studies which have commented on this sub-
ject, McGu�e et al. (1995) noted weak, remote, high-
latitude e�ects in a complete tropical deforestation
simulation (i.e., all tropical rainforests converted to
grasslands), while Chase et al. (1996) hypothesized that
large, winter hemisphere climate anomalies in a simu-
lation of the e�ects of realistic global green leaf area
change were due to tropical deforestation a�ecting
low-latitude convection and therefore global-scale cir-
culations in the winter hemisphere. Zhang et al. (1997)
further explored simulated mid-latitude teleconnections
due to complete tropical deforestation with a linear wave
model and found that appropriate conditions existed for
the propagation of tropical waves into the extratropics
in that case. Others have since noted isolated extra-
tropical e�ects due to simulated tropical vegetation
physical or physiological changes (Sud et al. 1996, a
complete deforestation scenario; Sellers et al. 1996,
a study of the e�ect of increased atmospheric CO2 on
radiation and plant physiology).

It should be expected that changes in tropical land
cover a�ects higher latitudes, particularly in the winter
hemisphere. The three major tropical convective heating
centers are associated with tropical land surfaces of
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Africa, Amazonia, and the maritime continent of Indo-
nesia, Malaysia, New Guinea and surrounding regions
(e.g., Kreuger and Winston 1973; Chen et al. 1988; Be-
rbery and NogueÂ s-Paegle 1993). While the existence of
the rain-forest and other moist vegetation types has often
been considered to be solely a function of local precipi-
tation, signi®cant precipitation recycling does occur due
to the presence of transpiring vegetation (e.g. Lettau
et al. 1979; Burde and Zangvil 1996). Removal of that
vegetation has major impacts on the momentum and
radiant energy absorbed at the surface and its parti-
tioning into latent and sensible forms which a�ect
boundary layer energetics and structure and generally
culminate in a reduction of precipitation though this
seems to be a function of season and region (e.g.,
Dickenson and Kennedy 1992; Pielke et al. 1997; Zhang
et al. 1997; Nobre et al. 1991; Eltahir 1996; Polcher and
Laval 1994; Zheng and Eltahir 1997; Eltahir 1998). As a
result of removal of tropical vegetation, regional con-
vection might be expected to be reduced in magnitude on
average, and shifted in space as a result of compensating
circulations and other localized forcings. Small changes
in the magnitude and spatial pattern of tropical convec-
tion may then alter the magnitude and pattern of high-
level tropical out¯ow which feeds the higher latitude
zonal jet (e.g., Bjerknes 1969; Krishnamurti 1961; Chen
et al. 1998; Oort and Yienger 1996). Additionally, these
changes may also force anomalous Rossby waves which
can propogate to high latitudes in a westerly background
¯ow when not trapped by a critical line (e.g., Wallace and
Gutzler 1981; Tiedtke 1984; James 1994; Tribbia 1991;
Berbery and NogueÂ s-Paegle 1993) and which tend to
organize into a few recognizable teleconnection patterns
regardless of the spatial nature of convective anomalies
(e.g., Geisler et al. 1985; Hoerling and Ting 1994). These
forcings may a�ect weather and climate regimes at high
latitudes and are analogous to the remote e�ects due to
anomalous tropical sea surface temperatures during the
opposing phases of the El Nino-Southern Oscillation
(ENSO).

Our purpose here, then, is to realistically estimate the
extent of human impact on global land cover in order to
evaluate the hypothesis that these changes, particularly
in the tropics, are already of su�cient magnitude to have
a�ected the global climate state through the mechanisms
discussed. Building on the work of Chase et al. (1996),
we used an updated estimate of global land-cover change
in a global numerical model along with comparisons
with comparisons with reported observational data.

2 Description of experiment

We used the standard version of the NCAR CCM3 (Kiehl et al.
1996) coupled with the land surface model (LSM) (Bonan 1996).
This version of the CCM3 had prescribed SSTs. The LSM is a
GCM-scale parameterization of atmospheric-land surface
exchanges and accounts for vegetation properties as functions of
one of 24 basic vegetation types. The LSM includes a single-level
canopy, lake model, and calculates averaged surface ¯uxes due to

subgrid-scale vegetation types and hydrology. Two phenological
properties, leaf and stem area index (LAI and SAI), are interpo-
lated between prescribed monthly values. Albedos are calculated
as a function of LAI and SAI among other factors. All other
vegetation properties are seasonally constant.

Convective precipitation is represented using the schemes of
Zhang and McFarlane (1995) for deep convection and that of Hack
(1994) for shallow convection. The combined use of these schemes
was, in part, responsible for a reduction of the overactive hydro-
logical cycle seen in an earlier version of the model (CCM2) and a
more reasonable depiction of the Northern Hemisphere standing
wave climatology (Hack et al. 1998).

The CCM3 model was integrated for 12 annual cycles using a
representation of current, observed vegetation cover versus a sim-
ulation which had a representation of natural, potential vegetation
in equilibrium with current climate (an estimate of vegetation un-
disturbed by human activity) as the bottom boundary condition.
The derivation of these datasets is discussed in Sect. 3. Results from
this experiment are given in terms of ten averaged Januaries, the
month when the maximum communication between the tropics and
the Northern Hemisphere is expected. These followed more than
two years of model spin-up.

3 Vegetation datasets

Maps of the current and natural vegetation distributions in regions
of anthropogenic disturbance are shown in Fig. 1. These datasets
were derived with guidance from global maps of maximum LAI
which was retrieved for current vegetation from maximum nor-
malized di�erence vegetation index (NDVI) satellite products
(Nemani et al. 1996) at 1° pixel size. Assuming that vegetation is
nearly in equilibrium with climate and soils, using long-term pre-
cipitation and temperature data, soils data and employing the close
empirical relationships between transpiration and LAI (e.g.,
Nemani and Running 1989), a distribution of maximum LAI
for natural, potential vegetation necessary to close the average
water budget at each 1 ´ 1° grid point on the globe was produced
(Nemani et al. 1996).

For use in the CCM3, an updated current vegetation dataset
was produced simply by declaring regions where the di�erence
between the current and natural maps of maximum LAI was
greater than 1 and which were not already agricultural land in the
standard CCM dataset (Matthews 1983; Olson et al. 1983) to be
anthropogenically disturbed. These anthropogenically disturbed
points were assigned one of three kinds of agricultural land in
keeping with the standard LSM vegetation categories (irrigated in
regions where LAI increased under current vegetation, dryland
crop, and mixed crop-forest where LAI decreased) depending on
the magnitude of maximum LAI di�erence, latitude and vegetation
type in the standard CCM dataset (Matthews 1983; Olson et al.
1993). That observed vegetation types, such as mixed crop grass-
lands or mixed crop- and tropical forest are not among the LSM
vegetation categories is a source of inaccuracy in the present sim-
ulations but we felt it important to stay within the con®nes of the
standard parameterization for these initial simulations.

Despite considering only relatively highly a�ected regions
(D LAI > 1) this current vegetation dataset includes larger esti-
mated areas of agricultural land than the standard CCM land cover
data particularly in the southeast Asian peninsula, Indonesia,
Malaysia, and surrounding regions. Even though larger areas of
land cover change were included than in the standard CCM data,
our representation of the extent of human land cover disturbance
(approximately 15%) remains conservative. A recent estimate
(Vitousek et al. 1997) claims over 40% of the Earth's land surface
is currently a�ected by anthropogenic land cover change.

The natural vegetation cover was created by taking the stan-
dard CCM dataset and ®lling in agricultural areas with an ap-
propriate vegetation type. We did this using our estimated potential
maximum LAI with values for speci®c vegetation types roughly
following Neilson and Marks (1994), the latitude, and adjacent
vegetation for guidance. Di�erences in vegetation categories
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Fig. 1a, b Vegetation classi®cations
for a natural vegetation and b current
vegetation in regions where current
and natural vegetation di�er (i.e.,
anthropogenically disturbed regions
in the current case)
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between the two simulations resulted in changes in the fraction of
the grid cell covered by vegetation, changes in soil moisture in
irrigated regions, and di�erences in vegetation physical and phys-
iological properties in the vegetated fraction.

4 Effects on tropical climate

With the exception of area averages, we present our
results as di�erences in ten averaged Januaries between
the current vegetation case and the natural vegetation
case (current-natural) overlayed on a map of Student's
t test statistic shaded at the 90 and 95%, 2-tailed, sig-
ni®cance levels following Chervin and Schneider (1976).

Because our aim is to focus on the global e�ects of
historic land use change, we do not perform a detailed
regional analysis of the mechanism for changes in
tropical convection. After the initial day of simulation,
surface ¯ux di�erences between the two cases were on
the order of 5±10 W m)2 and occurred only over regions
where direct land cover changes occurred (Chase 1999).
After 10 years, surface heat ¯ux anomalies (Fig. 2) are

still associated with direct surface forcing from altered
land cover though the largest heating anomalies results
form adjustments by the atmosphere and large-scale
circulation changes and occur in regions remote from
direct forcings. For example, latent heat ¯ux anomalies
of nearly +40 W m)2 cover large portions of the trop-
ical central and eastern Paci®c. These are of similar
magnitude to latent heat ¯ux di�erences between
observed warm and cold ENSO events (e.g., Wu and
Newell 1998). Statistically signi®cant changes in the
distribution of surface heat ¯uxes (sensible and latent;
Fig. 2a, b) resulting from changes in surface properties
in the tropics are associated with shifts in tropical con-
vection. Table 1 compares tropical (30°S±30°N) aver-
ages over regions where land cover di�erences exist
between the two cases and so represent regions of direct
forcing in these experiments. In regions of direct forcing,
sensible heat ¯uxes increased, a warming of nearly 0.5 K
occurred and precipitation decreased slightly under
current vegetation. Decreased latent heat ¯uxes aver-
aged over all tropical land surfaces (30°N±30°S) were
positively correlated in space (r = 0.45; P < 0.001,
Spearman's rank correlation coe�cients) with decreased
convective precipitation over tropical land surfaces
(approximately 25% of convective precipitation in the
latitude range 30°N±30°S occurred directly over land)
and negatively correlated with increases in sensible heat
¯uxes (r = 0.48; P < 0.001) compatible with the as-
sertion that tropical boundary layer equivalent potential
temperature and therefore convection are strongly
determined by boundary layer humidity (e.g., Brown
and Bretherton 1998). Correlations with net radiation
changes were insigni®cant (P > 0.1).

Figure 3a shows the distribution of the di�erences in
convective precipitation and the associated t statistic
map which indicate signi®cant changes in precipitation
of both sign over all the three tropical convective cen-
ters. Regional shifts in convection are apparent and of
particular interest is the reduction in convective activity
in the western Paci®c and over the maritime continent
while an increase in convective precipitation occurs in
the central and eastern Paci®c under current vegetation.

Figure 3b is a zonally averaged plot of convective
precipitation from 45°S±45°N which shows that the ef-
fect of these changes was to diminish and move the in-
tertropical convergence zone northward in the current
vegetation case. The secondary maximum near 38°N
was also diminished indicating a reduction in storm
track activity.

Fig. 2a, b Surface heat ¯ux di�erences (current-natural) using a 9
point spatial ®lter for easier visibility. a Sensible heat ¯ux (contours at
2, 4, 8, 16, 32 W m)2); b latent heat ¯ux (contours at 6 W m)2). Light
shading represents the 90% signi®cance level for a 2-sided t-test. Dark
shading represents the 95% signi®cance level

Table 1 Selected ®elds averaged for 10 Januaries from 30°S±30°N
and only over areas where land cover di�erences exist between the
two cases

Natural Current Di�erence

Sensible heat ¯ux (W m)2) 36.34 42.90 +6.57
Latent heat ¯ux (W m)2) 77.62 73.83 )3.80
Temperature (K) 292.39 292.83 +0.44
Precipitation (mm day)1) 3.78 3.75 )0.03
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Tropical zonal circulations were also a�ected as seen
in the di�erences in low-level (850 hPa) east-west winds
(Fig. 4) which shows diminished easterlies over most of
the central and eastern tropical Paci®c (seen as positive
wind anomalies because of the easterly ¯ow).Though
these changes are not statistically signi®cant over the
entire region, this reduction in easterlies is consistent
with reduced convection over the western Paci®c and
Indonesia which acted to diminish the tropical zonal
circulation. Because warm Southern Oscillation episodes
are also characterized by decreased easterlies in these
regions which are of similar magnitude to those simu-
lated here (e.g., Philander 1990), our results indicate that

circulation changes resulting from tropical land use
change may act, to ®rst order, to enhance the magni-
tude, frequency and duration of warm Southern Oscil-
lation episodes and to diminish cold episodes. This, in
some ways, is consistent with the results of Lau and Bua
(1998) who found enhanced ENSO teleconnection pat-
terns when interactive land surfaces, particularly in east
Asia and Indochina, were included in model simulations.

5 Effects on higher latitudes

Changes in large-scale circulations as a result of ob-
served land use change are also highly signi®cant.
The kinetic energy per unit mass (KE) associated with
the divergent components (Uv and Vv) of the wind,
where KE � �U 2

v � V 2
v �=2 can be used as a measure

of tropical high-level out¯ow and its in¯uence on the
extratropical circulation. The di�erence in this quantity
at 200 hPa (Fig. 5a) shows a signi®cant decrease in di-
vergent high-level tropical out¯ow in all three major
tropical heating centers in the current vegetation case.
By far the largest e�ect is in southeast Asia/Indonesia
and the western Paci®c. In the zonal average (Fig. 5b),
200 hPa divergent kinetic energy is reduced everywhere
but particularly in the tropical maximum which is a re-
¯ection of both a diminished global meridional circula-
tion and diminished tropical zonal circulations in the
current vegetation case. Because divergent KE is quickly
converted to the rotational KE associated with the
mid-latitude jet (Wiin-Nielsen and Chen 1993), there is
considerably less energy available to directly feed the
jet in the current vegetation case.

Di�erences in the mean meridional stream function
are shown in Fig. 6. The stream function under current
vegetation is also shown for comparison (Fig. 6a). The
dipole of negative values in the 10-year di�erence ®eld
(Fig. 6b) from approximately 5°S±10°N and positive
values from 10°±40°N re¯ect a northward shift of the
winter hemisphere Hadley cell under current vegetation.
The maximum mass ¯ux in this case is 19.64 ´ 1010 g
m)2 s)1 while under natural vegetation the maximum
value is 19.77 ´ 1010 g m)2 s)1. The negative values from

Fig. 3 a Convective precipitation di�erences (current-natural, con-
tours at 0.5 mm/day) using a 9 point spatial ®lter for easier visibility.
Shaded regions as in Fig. 3. b Comparison of the 45°N±45°S zonally
averaged convective precipitation for the 2 cases

Fig. 4 Tropical Paci®c east-west wind component di�erence at
850 hPa (contours by 0.3, 0.6, 1.0, 1.5, 2.0 m s)1. Shading as in
Fig. 3. Note: easterly winds are of negative sign so that decreased
tropical easterlies are represented by positive wind anomalies
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40°±60°N indicate an increased Ferrel cell circulation
under current vegetation. Figure 6c shows a di�erence in
mean meridional streamfunction for the last 5 years of
the simulation only. That the overall pattern is similar to
the 10-year di�erence is an indication of the robustness
of the change in planetary circulation.

Changes in tropical convection not only reduced the
the intensity of the mean meridional circulation and of
the upper-level divergent tropical out¯ow under current
vegetation, anomolous vorticity forcings were also gen-
erated which appear to a�ect high Northern Hemisphere
latitudes. Starting with the barotropic vorticity (f)
equation and de®ning a divergent (Vv) and rotational
(Vw) component of the wind, a vorticity equation can be

written in the form (Sardeshmukh and Hoskins 1988;
James 1994):

@f
@t
� Vw � rf � ÿf�r � V� ÿ Vv � rf � ÿr � �Vvf�: �1�

The forcing term on the far righthand side of Eq. (1) is a
function solely of the divergent component of the wind
(refer to the divergent KE in Figs. (6a, b) and the vor-
ticity gradient. Di�erences in this forcing term (known
as the Rossby source term) between the current and
natural vegetation scenarios at 200 hPa are presented in
Fig. 7. Signi®cant anomalies of both sign are generated
in all three tropical heating centers though the strongest
and most widespread e�ect occurs in southeast Asia and
to its south and east. The strongest Rossby source
anomalies in the region of southeast Asia central Paci®c
occur in locations of westerlies which allows for the
possibility of propagation to higher latitudes, thereby
potentially a�ecting mid-latitude weather and climate
regimes as discussed in the introduction.

The possible connection between anomalous Rossby
wave forcing in the western and central Paci®c and the
higher northern latitudes can be clari®ed with a corre-
lation analysis of height data. A correlation in the Jan-
uary average 500 hPa height di�erence ®elds between
the natural and current vegetation simulation with the
di�erences at the base point 21°N±158°W (Fig. 8)
(a center of action for tropical Paci®c convection dif-
ferences and a region of westerlies at all tropical lati-
tudes) reveals a teleconnection pattern which a�ects the
entire Northern Hemisphere and is similar in spatial
structure to the Tropical Northern Hemisphere (TNH)
pattern described in studies examining extratropical
connection to El Ni~no (e.g., Livezey and Mo 1987).
These correlations are signi®cant at the 5% level at most
of the amplitude extrema throughout the hemisphere.

Signi®cant changes in large-scale, high-latitude
Northern Hemisphere ¯ow were generated as a result of
the historic changes land cover and are attributable to
changes in tropical convection discussed. The di�erences
in east-west winds at 200 hPa (Fig. 9a) shows a promi-
nent northward shift in the mid-latitude jet stream over
most of the globe under the current vegetation scenario.
This shift is most apparent in the northern Paci®c.
Zonal averages of the 200 hPa east-west wind (not
shown) display this northerly shift and a decrease in the
maximum magnitude of the jet core in the current case
by approximately 5 m s)1; a decrease of more than 10%.
The northern shift and decreased magnitude of the mid-
latitude jet (a feature noted in the global land cover
change experiment of Chase et al. 1996 and the desert-
i®cation experiment of Dirmeyer and Shukla 1996) are
consistent with the decreased upper-level tropical out-
¯ow in the current vegetation case which can provide
less direct energy to the jet (Fig. 6), and with a decreased
and more northerly temperature gradient maximum in
the current case. This change in gradient can be seen in
the zonally averaged north-south gradient in 200 hPa
heights in the Northern Hemisphere (a measure of the

Fig. 5 a Divergent wind kinetic energy (KE) di�erence per unit mass
at 200 hPa, (contours = 0.5 J). Shaded regions as in Fig. 3. b
Comparison of zonally averaged 200 hPa KE for the two cases
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vertically averaged horizontal temperature gradient,
Fig, 9b) which shows a northerly shift and weakening in
the zone of maximum baroclinicity in the current vege-
tation case. It should be noted that changes in the mean
¯ow such as those described will also a�ect the propa-
gation characteristics of and interact with, waves su-
perimposed on that ¯ow (e.g., Rasmussen and Wallace
1983; Kang 1990; Ting et al. 1996) which introduces yet
another source of variability between current and nat-
ural vegetation scenarios. Finally, under current vege-
tation, zonally averaged temporal variability, measured
here as the monthly-averaged standard deviation of

daily 500 hPa heights (Fig. 10) in jet stream regions was
reduced as would be expected from diminished baro-
clinicity.

Figure 11 shows near surface air temperature di�er-
ence between current and natural vegetation. Signi®cant
changes in temperature are associated with all tropical
land masses and many higher latitude regions. In the
Northern Hemisphere, a wave number 3 pattern of
warming and cooling centers is apparent. Warming
occurs on most land surfaces under current vegetation
and is centered in temperate and eastern boreal North
America, southern Asia, and central Europe. Cooling

Fig. 6a±c Mean meridional
stream function for a current
vegetation (contours at 1 ´ 1011

kg s)1), b 10 year January
di�erence (current-natural;
1 ´ 1010 kg s)1), and c last
5-year January di�erence
(current-natural; 1 ´ 1010kg s)1)
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centers include the western Arctic (including the North
Paci®c and Alaska), Greenland, and the North Atlantic
and central Asia. Temperature di�erences in Fig. 11
represent the combined e�ects of changes in the basic
zonally averaged circulation, di�erences in waves su-
perimposed on that basic state, and also di�erences in
local forcing due to changes in snow cover. Most of the
surface temperature response is due to changes in large-
scale circulation. The spatial correlation coe�cient in
latitudes from 30°±60°N between di�erences in surface
temperature and di�erences in 200 hPa heights
(Fig. 12a) is 0.72. Correlations between di�erences in
albedo (Fig. 12b) which results mostly from changes in
snowcover is 0.06. This indicates that, overall, and op-
posite to expectation, should albedo be a primary forc-
ing, increased albedo is weakly associated with increased
temperature and again points out the importance of
changes in the large-scale circulation in forcing the
surface temperature di�erences. Changes in surface al-

bedo appear to be having a positive feedback e�ect in
some regions on the surface temperature ®eld, however.
The large warming in western Europe is associated with
decreased albedo and increased 200 hPa heights while a
cooling in central Asia is associated with increased al-
bedo and decreased heights. Warming in northeastern
Canada is also associated with decreased albedo and
increased heights.

The average temperature changes from 30°N±90°N
is +0.29 °C over land which is of the same magnitude
as observed in the surface record in recent decades
(e.g., Pielke et al. 1998a, b). Globally, temperatures
warmed by 0.05 °C in the current case. It should be

Fig. 9 a Di�erence in 200 hPa east-west wind (current-natural),
contours are 2 m s)1. Shaded regions as in Fig. 3. b Comparison of
north-south derivative of zonally averaged 200 hPa heights (d(Z200)/
dy) in Northern Hemisphere

Fig. 7 Rossby source term di�erences (current-natural) ´ 1010 (con-
tours at 1.5 s)2 ). Shaded regions as in Fig. 3

Fig. 8 Correlation of di�erences in 500 hPa height ®eld with
di�erence at 21°N and 158°W. Contours at 0.4, 0.6, 0.8. Blackened
region in central Paci®c represents the region of near perfect
correlation. Shading as in Fig. 3 but for signi®cance of correlation
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noted that the atmospheric temperatures over ocean
and sea ice are limited by the imposed surface tem-
peratures in those regions. This warming of Northern
Hemisphere land surfaces is associated with weakened
equatorward, low-level, winter monsoon ¯ow which
allowed the ITCZ to occupy its more northerly position
in the current vegetation case (Fig. 3b). These temper-
ature di�erences, which are a result of large-scale cir-
culation changes and which are statistically signi®cant
at 5 of the 6 cooling/warming centers, are interesting
given observed, Northern Hemisphere, winter climate
trends which are discussed in section 6.

6 Comparison with observed circulation changes

Because a fully dynamic coupling between all atmo-
spheric, oceanic, and land surface processes is not
achieved in these simulations, it is necessary to interpret
our results as sensitivities within a simpli®ed system.
Only if land surface changes were dominant or the
couplings with other components of the climate system
were weak or on longer time scales, would we expect to
see an immediately obvious correspondence between
observational evidence of the e�ects of land use change
and model results. In this section we look for possible
signals corresponding to the model simulations in re-
ported observations recognizing these limitations.

The January warming in the current vegetation case
simulated over much of the land area in the Northern
Hemisphere including most of North America, Europe,

and parts of Siberia as well as the cooling over ocean
areas is, in some ways, consistent with observational
evidence which notes recently increased surface air
temperatures over land in Northern Hemisphere win-
ter, while oceans appear to be cooling (e.g., Wallace
et al. 1996; Hurrell 1996; Palecki and Leathers 1993).
These authors relate these temperature trends to
anomalous circulations associated primarily with the
Paci®c North America pattern (PNA) and the North
Atlantic Oscillation (NAO) though other recognized
modes of variability such as the tropical Northern
Hemisphere (TNH) pattern (discussed in Sect. 5) are
also implicated.

Anomalous circulations in the northern Paci®c have
been associated with changes in sea surface temperature
forcing of tropical convection and seem to be related to
recent increases in the duration and magnitude of EI
NinÄ o events (Trenberth and Hurrell 1994), an e�ect we
have no representation of in the present simulations due
to prescribed, annually cycling SSTs. The observed
e�ects of this increase in El NinÄ o events include a
heightened tropical hydrological cycle, an ampli®cation
and southerly movement of the mid-latitude Northern
Hemisphere storm tracks and an eastward movement
and deepening of the Aleutian low. An index of these
observed changes (the NP index = area-averaged sur-
face pressure from 30±65°N and from 160°E±140°W;
Trenberth and Hurrell 1994) shows a recent increase in
the magnitude of this index of 2.2 hPa from the long-
term average.

Our simulated circulation changes in the extratropical
northern Paci®c as measured by the NP index is a de-
crease of nearly 1.5 hPa and shows decreased tropical
out¯ow and a northerly movement of the jet. These ef-
fects are opposite in sign to those observed and are
consistent with a less active tropical hydrologic cycle
in the current vegetation case. This is not surprising
because our simulations include no representation of
the observed, more frequent, warm eastern and central

Fig. 11 Di�erence in near-surface air temperature (current-natural)
using a 9-point spatial ®lter for easier visibility. Contours at 0.5, 1.0,
1.5, and 3.0 °C. Shaded regions as in Fig. 3

Fig. 10 Comparison of Northern Hemisphere zonally and monthly
averaged daily standard deviation in 500 hPa heights
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tropical Paci®c ocean temperatures associated with in-
creased El NinÄ o events which appear to have a strong
relationship with observed atmospheric circulation
changes in the Northern Paci®c (Ponte and Rosen 1994;
Kumar et al. 1994; Yulaeva and Wallace 1994). How-
ever, our simulations indicate decreased easterlies over
much of the tropical Paci®c Basin under current vege-
tation which, to ®rst order, might act to amplify the
magnitude and frequency of El NinÄ o events (e.g.,
Trenberth and Hoar 1996).

As a result of the current phase of the North Atlantic
Oscillation (NAO) the North Atlantic has also experi-
enced large-scale circulation changes during northern
winter which have resulted in strong warming over land
in western Europe and Siberia. These very strong re-
gional warming trends make up a signi®cant portion of
the observed area-average surface Northern Hemisphere
and global warming trends. An index of the phase of
NAO which compares surface pressure between Lisbon,
Portugal and Stykkisholmur, Iceland shows the NAO in
a positive phase since 1980 with values of the index be-
tween +1 to +3 hPa (Hurrell 1996). A calculation of
the same index in our simulation between the two veg-

etation cases gives a +3 hPa value when going from
natural to current vegetation. No strong connection
between tropical SST and large-scale circulation changes
in the Atlantic (e.g., Kumar et al. 1994) exists. Our re-
sults suggest the possibility of an interaction between
circulations driven by land cover change and Atlantic
climate anomalies.

7 Discussion and conclusions

Land use changes, particularly in the tropics, should be
expected to have global e�ects. Unlike the ¯uctuations
associated with opposing phases of ENSO, the direct
surface heating anomalies and subsequent changes in
circulation associated with land use change are essen-
tially permanent. To investigate the hypothesis that
observed land use change can have e�ects at global
scales, we examined 10 years of modeled equilibrium
January climate di�erences between simulations which
were forced at the surface by: (a) a spatially realistic
depiction of the current land surface, and (b) an estimate
of natural potential vegetation in equilibrium with cur-
rent climate.

Wu and Newell (1998) concluded that SST variations
in the tropical Eastern-Paci®c have three unique prop-
erties that allow the tropical ocean to in¯uence the at-
mosphere e�ectively: large magnitude, long persistence,
and spatial coherence. Both direct land use changes and
resulting circulation changes in the tropics have similar
properties which, in our simulations, resulted in climate
anomalies at higher latitudes. The largest climatic
changes were not limited to the region of direct land use
change indicating that atmospheric and feedbacks
within the tropics and teleconnections from the tropics
to higher latitudes were more important than the direct
forcing in this case.

Di�erences between the current and natural vegeta-
tion scenarios included a zonally averaged northward
shift and decreased magnitude of tropical convection as
well as east-west shifts in tropical convective precipita-
tion particularly in the Paci®c basin and the maritime
continent. The changes in tropical convection resulted in
a diminished Hadley cell circulation and reduced high-
level out¯ow from the tropics, less direct conversion of
divergent kinetic energy to the rotational kinetic energy
of the mid-latitude jet which contributed to a northerly
shift and a reduction in peak magnitude of the zonally
averaged jet. This is consistent with a reduction in the
associated meridional temperature gradient. The shift in
pattern and strength of tropical convection combined
with changes in the zonally averaged basic state also
generated anomalous vorticity sources under the current
vegetation scenario which appear to have a�ected cli-
mate at high latitudes throughout the Northern Hemi-
sphere. Shifts in tropical convection also produced
reduced easterlies over much of the tropical Paci®c basin
and a central Paci®c positive convective anomaly sug-
gesting further high-latitude e�ects could arise through a

Fig. 12 a The 200 hPa height di�erence (current-natural), contours at
20 m and b surface albedo di�erence (current-natural) using 9 point
spatial ®lter. Contours at 0.01, 0.03, 0.05, 0.07 (units are fractional
change; i.e., 0.01 = 1.0% change in albedo
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positive interaction with the warm phase of ENSO.
These e�ects are of greatest magnitude in the regions
of Southeast Asia and the maritime continent which
suggests that land use change in these areas is of con-
siderable importance to the study of global climate;
a conclusion also reached by Lau and Bua (1998). That
our vegetation distribution re¯ects more deforestation in
this region than most others may explain, in part,
why our extra-tropical results are more clearly evident
relative to other GCM land cover change experiments.

A previous simulation (Chase et al. 1996) using a
GCM with the same dynamical framework through with
di�ering physical parameterizations from the present
work produced similar e�ects (including a northern shift
of the ITCZ and a northward movement and weakening
of the zonally averaged mid-latitude jet) by simply
realistically altering the amount of green leaf area in
regions a�ected by human activity. This indicates that
vegetative e�ects on tropical convection may be con-
trolled by physiological processes as much as by physical
factors such as albedo and roughness length. This view is
given support by Kleidon and Heimann (1998) who
found that rooting depth, a biological control on tran-
spiration and soil moisture availability, was a signi®cant
factor in the production of latent heat and temperature
in tropical regions and therefore a�ected tropical con-
vection.

These results also suggest that teleconnection pat-
terns due to anthropogenic land cover changes which
have already occurred are capable of a�ecting the tem-
perature and precipitation distributions worldwide and
may have already done so. Such e�ects are traditionally
unaccounted for in global climate trend analyses (e.g.,
North and Stevens 1998) but growing evidence indicates
that these e�ects may have to be accounted for in
climate change monitoring e�orts (e.g., Pielke et al.
1998a, b and references therein) necessitating further
examination of their scope and signi®cance.

The issue of the overall e�ect of prescribed SSTs on
the simulation results is an important remaining ques-
tion. There is no reason to believe a priori that the in-
clusion of an interactive ocean component would result
in either a damped or enhanced signal due to landcover
changes. Bonan (1992) found that the inclusion of an
ocean model signi®cantly enhanced the northern winter
climate signal caused by boreal deforestation particu-
larly at higher latitudes. This could be an indication that
the non-interactive ocean in the present simulations
arti®cially accentuates tropical e�ects relative to the
e�ects of direct land cover and snow cover changes at
high latitudes. There is some indication, however, that
an interactive ocean would also enhance the tropical
e�ects through an interaction with ENSO as discussed
in Sect. 4.

Finally, while we do not consider this, or any, climate
simulation model to be comprehensive enough to pro-
vide reliable climate predictions (e.g., because of the lack
of a dynamical ocean component in the present case,
Campbell et al. 1995, but also because of imprecise

depictions of vegetation properties and the nonlinear
feedbacks between these processes), some observed
trends in tropical and Northern Hemisphere winter cir-
culations are, in part, suggestive of a global response due
to land use change. While the spatial pattern of North-
ern Hemisphere warming is not identical in our simu-
lations to that observed, the large-scale circulation
changes responsible for it are su�ciently similar to those
thought responsible for the observed warming to suggest
an interaction. Additionally, the observed pattern of
more intense and longer warm ENSO events at the ex-
pense of cold ENSO events which is implicated in much
of the observed higher latitude winter warming is im-
plicitly simulated by decreased easterlies in the tropical
Paci®c and a positive convective anomaly in the central
Paci®c which appears to a�ect high latitudes as a result
of changed land cover. This result highlights a further
avenue for investigation. These patterns of recently
warming surface temperatures over Northern Hemi-
sphere land areas resulting solely from dynamical at-
mospheric shifts have been di�cult to associate
convincingly with global CO2 warming (e.g., Plantico et
al. 1990; Jones 1988; Hurrell 1996) and our results sug-
gest that global land cover change may already have had
an important and measurable e�ect on the observed
global climate state.
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