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ABRETRACT

This study explores the role of vegetation biophysical processes (VBPs) in the structure and evolution ol
the South American monsoon system (SAMS) with an emphasis on the precipitation feld. The approach
iz based an comparing ensemble simulations by the National Centers for Environmental Prediction general
circulation modsl (GOM) in which the land surface parameterization m one ensemble includes an explicit
representation of vegetation processes in the caleulation of surface fliuxes while the other does not [GOM)
Simplificd Simple Biosphere Model (35iB) and GOM/Soil, respectively], but witl similer monthly mean
surface albedo and initial sofl mosture. The ensembles consist of five pairs of 1-yr integrations differing in
the initial conditions for the stmosphere. The results show that, during the austral summer, consileration
of explicit vegelation processes does not alter the monthly mean precipitation at the planetary scale.
However, at continental scales, GUMSEIB produces a more suceesslul simulation of SAMS than GOM/Sail,
The improvement is particularly clear in reference to the seasonal southward dispiacement of precipitation
during the onsel of 1he SAMS and its norfhward merging witl the intertrapical convergence zone during the
monsaon mature slage, as well as-better monthly mean austral summer precipitation aver the Souih
American continent

The chanpes in-surface water and energy balances and circulation in Qcteber (monsoon onset) and
December (the start of the mansoon malure stage ) were analyzed for o betler understunding af the results
and mechanisms involved. It was found that the major difference between the sifiulations is in the parti-
Lening of faten? heal snd sensible heat fluxes (ie., different Bowen ratio), which produced diffecent
latitudinal and lengitudinal thermal gradients at the surfoce. & stronger sensible heat Aux zradiem beiween
confinent and ocean in the GOMSSSIH simulation helped generate an enhanced ventilation effect, which
lowered moist static enerpy (MSE) over the northeast coast of South Armerica leading to stronger coun
terciockwise turning. of the low-level wind from the Atlantic Ocesn toward the comtinent during the
premonseen and carly monsoon stages, modifving motsture fux convergence {MFC) 1t was [urther iden-
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rified that the sessonality of savanna and shrublands 1 the south and eastaf the Ammazon rain loresl
contributed 1o the variability of heating gracicnts and influenced the SAMS vusel and its northward merge
with the [TCZ, a1 the early monsoon mature stage. The comparisan of the dilferences betweon precipitufion,
evaporation, advection of MSE, and MFC bated on simulations using two different land parameterizalions
sugpested that the VBP modulated the surface water budget, but iy impact on preciptation was determined
by the changes mcireulation via changes in heat gradient and MSE.

1. Introduction

It has been recognized in the last decade that the
Sguth Americin monscon system (SAMS]), which
dominates the warm-season circulation over South
Ameérica, is the second largest monsoon system in the
world (Zhou and Lau 1598 Marengo el al, 2001
Nogués-Paegle et al. 2002). The SAMS is characterized
by intense precipitation over central Brazil and Balivia
in a region that is linked 1o the Atlantic intertropical
convergence zone (ITCZ) to the northeast and extends
into the South Atlantic convergence zone (SACL) 10
the southeast. The most important characteristics of the
girculation include the Bolivian high, a high air pressurc
system centered over the Bolivian plateau at upper at-
mospheric levels, and a surface low over northern Ar-
gentina, known as the Chaco low, The trade winds from
the tropical Atlantic Ocean provide the major moisture
source for the SAMS, A strong low-level jet [referred
to as the South American low-level jet (SALLJ)| along
the castern slopes of the Andes s a key contributor 1o
the moisture flux from the T'ropics to the midlatitudes
with the strongest winds over Bolivia iNopués-Paeple
and Mo 1997; Berbery and Barros 2002). The SALLIws
active during the entire year. The SACZ extends
cloudiness and precipitation southeastward from the
southern Amazon toward southeast Brazil and the
neighboring Atlantic Ocean and is present in the south-
ern spring and summer (October through March). Tts
variability extends the effects of monsoon variability
farther south into Argentina and Uruguay

[n the SAMS, as in all monsoons, ocean-conbinent
contrusts are of fundamental importance. In addinon,
several studies have indicated that remote variability of
the ocean-atmosphere system in the Pacific and Atlan-
tic Cleeans can contribute 1o the variability of SAMS on
several time scales. The extreme phases of the E1 Nifio-
Southern Oscillation (ENSO) cyele have a significant
impact on the overall strength of the SAMS and the
spatial distribution of precipitation over tropical South
America (e.g., Kousky et al. 1984; Ropelewski and
Halpert 1987; Fu et al. 2001; Nogués-Paegle et al. 2002
Lau and Zhou 2003). In general, sca surface lempera-
ture ($8T) anomalics in the eastern equatorial Pacific
and rainfall in the core region of the SAMS tend 1o be
anticorrelated, as rising air in the former region is as-

sociated with sinking air in the latter one. ENSO also
significantly influenices southern Brazil, castern Argen-
tina, and Uruguay (Pisciottano et al, 1994, Grimm
20003, Pisciottano et al, showed that in southeastern
South America rainfall tends to be higher than average
in warm ENSO years, especially in November—lanuary,
and lower than average in years with a cold ENSO
phase, especially in October-December. Mechoso and
Perez-Tribarren (1992) demanstrated that this effect is
also apparent in river runoff,

The interannual variability of S8Ts over the tropical
Atlantic has a strong mfluence on the distribution of
rainfall aver the tropical Americas (Moura and Shukla
1981 Hastenrath and Heller 1977}, Over the southwest
Atlantic, interannual intensifications of the SACZ have
also been linked to SST anomalies (Nogués-Paegle et
al. 2002). Furthermore. the decadal rainfall variation
presents a pattern of meridional <hift of the ITCZ on
both the eastern Pacific and western Atlantic Ocean,
which is closely related to the decadul change of the
cross-equatorial $8T pradient (Nobre and Shukla 19496:
Rao et al. 1999},

The Amazon Basin af South America is the largest
continuous region of tropical forest in the world. Here.
deforestation has been intense during the past three
decades. The possible impact of Amazon deforestation
on the South American regional climate has been a
major scientific and social issue for more than a decads
(e:g., Dickinson and Henderson-Sellers 1988; Nobre et
al. 1991: Eltahir and Bras 1993; Xue et al. 1996a; Zeng
ef al, 1996; Henderson-5ellers und Pitman 2002
Weaver and Avissar 2001; Tanajura et al. 2004, manu-
seript submitted to Earth Interactions). Most studies
performed so far with general circulation and regional
climate madels (GOM and ROM. respectively) suggest
that large-scale deforestation would result in-a local
reduction in precipitation, In most of these modeling
studies, land surface conditions are drastically changed
al large scales. To our knowledge, no analysis has dis-
cussed desertification impacts in the framework of the
SAMS: SAMS should provide a useful framework for
understanding South American circulation and the im-
pact of deforestation during the warm seasor.

Diifferential heating of the land and ocean and latent
heat release into the atmosphere contribute to deter-
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mine the evolution, strength, and spatial distribution of
large-scale monsoons (Webster et al. 1998), It is impor-
tant, therefare, to investigate the role that land surface
processes can play in modulating the monsoon circula-
tion and surface hyvdrology. Ina GCM sensitivity study,
Sato et al, (1989) used two different parameterizations
of land surface processes: 1) the bucket model (Budvka
1974}, which models land a5 4 buckel with a 130-mm
rainfall equivalent capacity, and 2) the Simple Bio-
sphere Model (SiB: Sellers et al. 1986), which treats the
vegelation explicitly by incorporating the vegetation
biophysical processes (VBPs) with the exchanges of en-
ergy and water between land and atmosphere. Sato et
al.’s study demonstrated that explicit inclusion of VBP
produced substantially different and more realistic
summer seasonal mean precipilation over continents as
well as over oceans (Sato et al. 1989}, However, an
outstanding issue is whether this improvement is due to
the explicit VBP treatment or just to the different
monthly mean vegetation albedo and surface roughness
length, whose importance in climate simulation has
been demonstrated by a number of studies (e.g., Char-
ney et al, 1977; Sud o1 al, 198%). 1n other words, the role
and mechanisms of VBP effects, excluding monthly
mean albedo and surface roughness length, in land-
atmosphere interactions remains unclear, This is an im-
portant issue because it is relevant to many parameter-
izations. such as radiative transfer in the canopy, evapo-
transpiration from three compaonents (soil evaporation,
water interception loss, and photosvnthesis-controlled
canapy transpiration), and modified aerodviamic resis-
tance by vegetation, as well as a large amount of data
collection, such as seasonal varied surface vegetation
propertics, including leaf area index (LAL, etc.

Kue et al. (2004) have compared ensemble simuia-
tiens of the East Asian-African monsoon by the Na-
tional Centers for Environmental Prediction (NCEP)
GOCM in which the land surface paramelerization in one
ensemble includes an explicit representation of vegera-
tion processes (Xue et al. 1991) in the calculation af
surface fluxes while the other does not [GOM!
Simplified Simple Biosphere Model (55iB) and GOM/
Soil, respectively]. Each ensemble cansists of simuli-
tions for a S-month period corresponding ta the north-
ern warm season of 1987 that differ in the initial
canditions for the aunosphere but have the same initial
conditions in soil moisture and similar monthly mean
surface albeds and roughness length, The two en-
sembles produced similar results at the planetary scale
but substantially different results in the monsoon re-
gions and some continental areas. In GCM/Soil. the
moisture transport and precipitation were too strong in
the premonsoon season, and the abrupt northward
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jump and large-seale turning of the low-level circulation
during the early monsoan stage (Xue 2005) that char-
acterize the East Asian summer monsoon were either
unclear or not simulated. GOMSsIB, on the other
hand, was able to capture these two important features
in the monsoon evolution. An analysis of the simulu-
tions showed that the two land surface representations
produced different longitudinal and latitudinal gradi-
ents of sensible surface heat and pressure gradients, as
well as low-level temperature, that affected wind flow
(through geostrophic balance), and moisture transport,
These results suggest that the strong cast-west thermal
gradient may contribute to the abrupt northward jump
of the East Asian monsoon, and the latitudinal heating
gradient may contribute to the clockwise and counter-
clockwise turning of the low-level wind on the east
Asian and African continents,

Land surface—atmosphere interactions are complex
and depend on many factors, The land eifects do not
always dictate that more vegetation causes more evapa-
ration and then more precipitation. The monsoon is a
complex system, Some areas would be dry where the
monsoon cither was delayed or could not reach any
tarther, and others would be wet due to redistibution
of the circulation or changes in position of the maxi-
mum precipitation band, More comprehensive research
on the effects of land surface processes on different
MONSO0I SYSIEMS IS necessary,

In this study we followed the same approach as in our
East Asian/African monsoon study (Xue et al. 2004).
Thus, we used the NCEP GOM (Kalnay et al, 1990
Kanamitsu et al, 2002) coupled to the 55iB (Xue et al.
1991, 1996b) and compared results with those from the
same GOM coupled with a land scheme in which the
biophysical processes were not explicitly parameter-
ized. Using these comparisons, Xue et al. (2004) ex-
plored the influence of the VBP in a soilivegetation
complex on intraseasonal monsoon development. Here,
we focused on the impact of VBP on the SAMS.

2. Muodel descriptions

The GOM that we used was a recent version of the
NCEFP seasonal forecast model (Kanamitsu et al. 2002)
placed on the Concurrent Versions System (CVS)
server, The NCEP GUM includes the: Moorthi and
Suarez (1992) convection scheme, the Chou (1992) and
Chou and Suarez (1994) radiation scheme, and the
Hong and Pan (1996) nonlocal planetary boundary
layer scheme. The computer eode of this version was
extensively modified to make it compatible with mul-
tiple platforms that use single andfor multiple shared
memaries. All changes were incorporated using a pre-
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processor technique such that the same ongmal code
works on single and multiple processors as well as on
massively parallel processor platforms. The model, af-
ter implementing the SsiB was extensively tested to
cnsure thal the result from single node and different
multiple processes are bit-byv-hit equivalent. We used
the model version with I8 levels and T42 honzontal
resolution.

['o test the impact of VBP at the laod surface on the
SAMS, two land surface parameterizations were used
in the (30M as in the study of Xue et al. (2004), One
was a simple two-laver soil model and the other was a
biophysical model, $5iB. The two land parameteriza-
tion schemes represent different land surface processes,
In NCEP GCM/Seil, which was used in the original
MCEP GCM, the ground hvdrology was simulated by
the «oil moedel. No explicit biophvsical processes were
ineluded. The distributions of monthly mean vegetation
albedo and surface rooghness length were preseribed
based on the Dorman and Sellers (1988 dataset, which
had monthly mean values similar 1o those used in 8518,
Soil temperature and soil volumetric water content
were computed in two layers at depths 0,1 and 1.0 m
with an implicit time integration scheme (Pan and
Mahit 1987). The lowest atmospheric model layer was
the surface layer, where the Monin-Obukhov similarity
profile relationship was applied to obtain the surface
stress and sensible and latent heat fluxes (Mivakoda
and Sirutis 1986). A bulk aerodynamic formula was
bsed Lo caleulate the fluxes once the turbulent exchange
coefficients had been obtained,

In 558, the soil moisture was caleulated with an ap-
proach similar to NCEF's two-layer soil model, bt
many vegetalion-atmosphere inileraction processes
were included, For example, the radiative transfer in
the canopy was simulated, which produced a diurnal
variation in surface albedo, S5iB included processes
such as water Interception loss, direct evaporation from
bare soil, and canopy transpiration (controlled by pho-
tosynthesis) to describe the surface waler Balance.
Stmilarity theory was used Lo caleulate the asrodvnamic
resistance (rom the canopy 1o the reference height.
Based upon the Paulson (1970) and Businger et al.
(1971) equations, a relationship between the Richard-
son number, vegelation properties, and aerodynamic
resistance at the vegetated surface was developed (Kue
etal. 1991, 1996b), In 55iB, the resistance of the neutral
part was dependent on vegetation and soil properties.
In the nonneutral parl, a parameterization was related
to atmospheric stability conditions. In addition, some
adjustments based on the vegetation condilions were
mtroduced. A global land cover map based on remate
sensing (Hansen et al. 20000 was uséd in NCEP GCM/
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Fig, 1, The NCEP GOMSEIE Land Cover Classification Map

lar South America. Tvpe 1 tropical ran forest; iype 2; broadlead

decidupus trees; type 3: broadleal and needleleat trees; type 4

necdleleal everpreen tees: tvpe 5 needleleaf deciduous trees,

type B broadleal trees with ground cover, type 7: prassland; type

8 broadleal shrubs with ground cover, type % broadieal shrubs

with bare soif; type 100 dwarf trees with ground cover; tpe 11

desert: Wvpe 12 crops: and type 13 pormanent ice.

3B, with some improvement over South America
based on the data from the Centro de Previsao de
Tempo e Estudos Climdticos ({CPTEC), Figure | shows
the vegetation classification map for the South Ameri-
can region. The reader is referred 1o Xue et al. (2004)
for mare detailed information on this map and vegeta-
ton parameters vsed in the coupled GOMSSIE moedel,

3. Experimental design and initial and boundary
conditions

The NCEP-National Center for Atmaospheric Re-
search (NCAR) global reanalysis fields (Kalnay et al.
1996 Kistler et al, 2001} provided the initial conditions
in both case © and case §1 for the atmosphere, soil
moisture; and soil temperatures; ocean surface bound
ary conditions (55T and sea ice); and initial snow depth,
as used by NCEP for predictionfforecasting. We se-
lected 30 April and 1, 3, 4, and 5 May 1987 as the
starting dates for model simulations; 2 May 1987 was
skipped due to errors detected in the data for that day:
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1987 was an ENSO vear and was one of two vears for
which a comprehensive soil moisture dataset (Dirmever
et oal 1999) was available at the time of our experi-
ments. Soil motsture was simulated without nudging in
all cases. Specified S8T and sea ice were updated using
abservational data during the simulation. The GOM/
Soil and GCM/SSIB ensemble simulations are referred
ta in this paper as cases C and $1. respectively, Com-
parisons between the results obtained in the two en-
sembles would mainly indicate the effects of explicit
description of VBP in the GCM,

The impact of initial soil moisture on the model simu-
latioms was studied using soil moisture data from the
Giobal Energy and Water Cycle Experiment (GEWEX)
soil wetness project (GSWP) (Dirmever et al. 1999),
(Ine additional set of L-yr simulations with GOM/SSIB
(referred to as case 52) was conducted using the GSWP
soil moisture as mitial soil moisture for the same five
atmospheric initial dates as case $1. The comparisons
between cases 51 and 52 indicate the efféets of different
initial soil moisture,

4. Simulation resnlts
a. General feanres

Figure 24 is the December-February (DJF) mean
precipitation from the Climate Prediction Center
Merged Analysis of Precipitation (CMAT) {Xic and
Arkin 1997) in which observations from rain gauges are
merged with estimates {rom several satellite-based al-
gorithms (infrared and microwave). Case C simulated
DJF precipitation reasonably well (Fig. 2b), The [TCZs
over the Pacific and Atlantic were well defined north of
the equator. A strong South Pacific convergence zone
{SPCZ) was captured. The observed Australian mon-
soon was weak, and monsoon rain over the Australian
continent fell mainly in December i 1987 (not shown ).
Case C failed to simulate the monsoon rain in Decem-
ber (not shown) and only obiained a weak value of DJF
precipitation to the north of Australia (Fig. 21h). The
monsoon precipitation in South America was simu-
lated. mncluding the SACZ, albeil its |location was oo
far north and the western Amazon along the Andes was
dry. These deficiencies have heen found in a number of
austral summer season simulations for South America
(Cavalcanti et al. 2002). In addition, case C simulated
too much precipitation in the eastern Pacific near Cen-
tral America and the ITCZ aver the Atlantic, as well as
an excessively large area of light precipitation at higher
southern latitudes (Fig. 2b).

Asan the Northern Hemisphere summer (Xue et al.
204}, cases 81 and C produced very similar spatial
distributions of precipitation at the planetary scale (Fig,

TITE

Fici, 2. DIF 1957788 precipitation for (a) CMAP, (b) case €, (o)
case 81, and {d} case 81 — case O (mim day ') The bold lines in
faj-(ey are #mm day ! Sonteur lnes.

2e). There were, however, substantial differences in the
SAMS region (Fig. 2d) with significance it the 909,
level in the Student’s ¢ test (not shown ), Similar 10 Sato
etal. (1989), the changes of land surface parameteriza-
lions also affected the precipitation over ocean due to
the impact of fand-atmosphere interaction on circula-
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TanLe L Mean precipitation and evaporation over South
America {mo month '),

Precipitation Evaporation

Caze  Case  Case  Case Case

Cpservation = 51 2 2 51
Annual 114 137 123 121 111 L
Jan 144 181 162 163 128 a5
Febh 158 187 180 175 128 07
Mar 141 174 LT 162 121 o3
Amr 1449 151 146 144 108 B4
My 111 128 109 10 107 ]
Jan a2 4% i By o To
Jul o 24 s 80 il fi
Aup 4 Th 73 71 a1 71
Bep 75 7 A0 77 102 74
Ot 102 136 107 116 116 ©1
Moy 1i9 (] 127 126 124 i
IDee 125 175 149 149

1) 5"

tion, albeit with much reduced magnitude and scope.
Compared to case €, case 51 shifted the SACE back 1o
the south and reduced precipitation in the eastern
Amazon and Atlantic I'TCZ. Table | shows the annual
and monthly mean precipitation over the South Ameri-
van conlinent. Case 31 persistently and substantially
improved the simulations of monthly mean precipita-
tion -except for April and July, two dry months for
south Amenca, in which both cases had similar results.
The mest substantial improvement corresponded to
Qelober throupgh January, which were the crucial
months for development of the SAMS,

This simuldtion and the results from our previous
study (Xue et al. 2004) sugeest that the VBP, excluding
surface monthly mean albedo and initial soil moisture,
mainly have influence on wel season precipitation over
the continenial canvective regions, which are located
within the monsoon regions. In the next sections, we
further examine whether/how these regional differ
ences wore associated with VBP.

b Evelurion of the SAMS

Figure 3 illustrates the monsoon evolution in the
form of precipitation maps corresponding to the second
Hi-day period of the selected month, In 1987 during the
late austral winler, precipitation was intense around the
equater with local maxima over the Caribhean coast of
Venezuela, Colombia, and Guyana, while Amazonia
wias very dry (Fig. 3a). Both cases € and 51 simulated
these features (Figs. 3b and 3¢) The simulated precipi-
lation maximum, however, was higher over land. and
the I'TCZ was weaker over the eastern Pacific com-
pared with CMAP. The precipitation over the midlati-
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tade southern Atlantic Ccean was also stimulated by
both models but with a lower maximum along the
southeast South American coast compared with obser-
vations. Lip 1o this point, therefore, the two simulations’
produced similar results (also indicated in Table 1),
Mevertheless. case O produced excessive precipitatian
along the Andes and weak precipitation along the
southwest coast of South America,

The subsequent development phase of SAMS during
austral spring of 1987 was characterized by a rapid
southeastward shift of the region of intense convection
from the equator toward the southern Amazon Basin
and the Brazilian highlands, which was completed
within a 1-month time period. The second 10-day mean
for October shows a maximum precipitation (4-6 mm
day™") in the central Amazon, The SACZ extended
over the southern Auantic Ocean along the midlatitude
southeast coast (Fig. 3d ), Both case C and case 81 simu-
lated the southeastern spreading of precipitation and a
dry northeastern Brasil in October (Figs. 3e and 31).
The extension of precipitation into the Andes and the
SACY over southeast Brazil and the nearby Atlantic,
however, was stronger than that in CMAT (Fig. 3d).
The heavy precipitation (4-8 mm day™ ') in case 51
moved to the central Amazon (Fig. 3{), consistent with
observations. Case €. on ather hand, produced a much
faster propagation of precipitation (Fig. 3e) than
CMAP and case 51, with & more homogeneous north-
west—southeasl precipitation band that extended from
S"M to 25°5. The precipitation values were very high
compared to the observation (6-12 mm day™').

The localion of the maximum precipitation extended
toward the southeast in November and December (Fig.
3z}, Both cases C and 51 showed the extension of rain-
fall into southeastern South America in December and
heavy rainfall in the central Amazon and southeastern
Brazil. In-addition. an active SACE was also simulated
(Figs. 3h and 3i). The precipitation in case C was much
heavier, with more than 10 mm day * over the mon-
soon region ($ee section 4.3 and Fig. 9 for more detailed
discussion. ). In addition, case C also produced a strong
rainfall branch along the northeast South American
coasl, which merged the monsoon precipitalion with
the ITCZ, In ahservations, there is a clear separation
between the region of monseon rain over the continent
and the ITCZ over the Atlantic Ocean. and northeast-
ern Brazil was rather dry in December 1987 (Fig, 3g)
Different from case C (g, 3h), a weaker northeast
extension was produced in case 81 (Fig: 31). The inten-
sity of the precipitation was also much closer 10 obser-
vations (Tahle 1),

The mature and deeay phases of SAMS continue
through sustral summer as convection gradually re-
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Fis, 3. Ten-day mein precipitation (mun dav ™ ') for the secand 10 days of following month: {a) Auizust 1987 (CMAP), (b Mougust 1987

fease O (o) August 1987 {cise §1), (e} Octaber 98T (CMAR), (&) Dctober 1987 fease ) () Octaber 1987 (case 51, (g} December

F9ET {UMAR, (h) December 1957 foase O (i) December 1987 (¢
(L) February 1955 {case sl

treats northward toward the equator merging with the
ITCZ. In February, a strong precipitation band ap-
peared along the equator (Fig. 3j). Both cases §1 and C
simulated these features (Figs. 3k and 31). The intensity,
howewver, was stronger in case C over the monsoon re-
gion, and excessive light precipitation was present over
southern South America after the monsoon with

drawal, as indicated in Table 1. The two cases also had
heavy rain along the western slopes of the Andes, This
feature was not present in CMAP. This deficicney was

-

ase 51 G February [USE (CMAR, (k) Febiruary 1988 (case C);amd

probably due 1o difficalties in dealing with the topog-
raphy at the model's coarse resolution.

To delineate more clearly the entire development
process of the SAMS premonsoon and monsoon eva-
lution during the rainy season, we illustrate in Fig. 4 the
zonally averaged, 10-day mean precipitation berween
607 and 40°W from September through Apnl. Intense
precipitation moved into the domain between 5° and
WS in Getober with a tendency toward moving south-
eastward (Fig. 44, dashed red arrow). The heavy rain
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Time evolution of PRCP (300~320) (-25~10) {Xie & Arkin)
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{more than 6 mm day ') abruptly appeared between
10° and 15°S in November again after a relatively dry
period and moved farther southward (solid red arrow).
Meanwhile. a rainfall band moved northward from 257
to 15°5 (solid white arrow). Nartheastern South
America was still very dry during October/December,
The monsoon rain reached its southernmost position in
December and then returned to the cquator in January
(solid red arrow) where it merged with the [TC7, {solid
red arrow). These features are consistent with the
SAMS evolution process described in a 1989-90 ease
study based on reanalysis and satellite data (£hou and
Lau 1998) and the 1979-2000 climatology based on
CMAP (not shown).

There were clear differences between cases C ard 51
inn simulations of the monsoon evolution (Figs, 4h and
4¢). Case C correctly simulated the rainy season and the
heavy rainfall bands between the cquator and 3°8 and
between 107 and 1598 (Fig. 4b). The precipitation in
Oclober, however, rapidly extended 1o around 1875
{red solid arrow) without 4 dry period, as pointed out
carlier (Fig, 3¢), and the southward development of
precipitation in November and December was not
simulated, inconsistent with CMAP (Fig. 4a). The dry
band between 5°% and 59N during November and De-
cember was replaced by a very wet period due to strong
merging with the ITCZ as discussed earlier (Fig. 3h)
Furthermore, the simulated rain in the wet season wis
more intense than that indicated by the observations
(Fig. 4b and Table 1).

Case S1, on the other hand, simulated = southward
development of precipitation from between 57 and 10°S
to between 10° and 15°% (but still not south enough)
compared to the observation during October—Decemn-
ber with an abrupt rainy season starting in November
(Fig. de, red dashed and solid arrows) and a northward
rainfall band development between 25° and 15°§ during
November (Fig.: 4e, white solid arrow). The merging of
the monsoon with the TTCZ was still more intense than
observed but was more realistic than in case . The
intensity during the wet season was close 1o observa.
tions (Table 1), By and large, the monsoon develop-
ment processes were better simulated in case 51 than in
case O, We will further discuss the implication of these
differences and their causes in the next section,

There were additional monsoon northward propaga-
tions in February and March {Fig. 4a, white solid ar-
rows) in CMAP. It is nteresting to note that two cases
produced different higher-frequency synaptic events
during this time period (Figs, 4b.c, white solid arrows),
We do not know, at this point in time, whether these
differences were caused by VBP or by model internal
variability. More case studies are required, In 1988,
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there was also a distinguishable dry period between 20°
and 3°8 in January due ta a blocking pattern aver the
subtropical Eastern Pacific. which brought dry, stable
conditions that inhibited convection for weeks, This dry
cvent was not well simulated by either model,

¢. Physical and dynamic mechanisims orf daned
surface and atmospheric effects

‘The differences between cases C and S1 were caused
by the different parameterizations in land surface pro-
cesses; one with explicit parameterizations of energy
and water transfer in vegetation and soil processes and
another only parameterizing soil processes. The two
cases; however, had the same initial soil moisture and
similar monthly mean surface albedo, which differenti
ates this work from a typical investigation of land cover
change. Figure 5 shows the zonally averaged (60° to
W) differences in surface energy components be-
tween case C and case 51. There was no substantial
difference in the sum of downward shortwave and long-
wave radiation, nor upward shortwave radiation inot
shown), due to similar manthly mean surface albeda.
The upward longwave radiation had some differences
owing to the relatively high surface temperature in case
51 (Fig. 5a). The most substantial differences found
were in the partitioning between latent and sensible
heat fluxes. For example, case S1 canstantly produced
lower latent heat flux and higher sensibile heat flux
(Figs. 5b and 5¢). Furthermore, these differences exhib-
ited high temporal and spatial variability with maxi-
mum changes in sensible and latent heat fluxes occur-
ring during October-January. The lower eva poration i
the SAMS in case S1 than in case C was consistent with
the lower precipitation shown in Figs. 4b and 4c. The
question is whether the differences in surface cnergy
partitioning caused changes in monsoon precipitation
or were merely a response to the changes in precipita
tion. To gain insight into the mechanisms at work, we
next foeus on October (monsoon onsel) and December
(the start of the monsoon mature stape ), which were
crucial months for the monsoon development and dur-
ing which the sensible heat flux showed the largest dif-
ferences hetween the two cases (Fig, Se).

To achieve a better understanding of the mechanisms
involved, we closely examined the differences of pre-
cipilation, cvaparation, and sensible heat flux between
CMAP, case C, and case §1 (Fig, 6). In October, case C
produced a large positive bias in precipitation in the
northeast Amazon and southeast Brazil (Fig. 6a) in its
monsoon evolution processes discussed earlier (Figs.
3¢, 4b). Meanwhile. the Atlantic extension of the
SACZ shifted to the north and produced a dipole
anomaly pattern (positive bias to the north and nega-
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Fra. 5. Temporal evolution of the monthly mean differences
between case 51 and case C averaged over A07-H1W from May
1957 through April 1988 {a] lonpwave upward, (b lntenl heat
flux, and (&) sensible heat flux (W m 3

tive hias to the south). In addition, there was & dry bias
along the east side of the Andes and a wet bias along
the Andes: Case 51 reduced the wet bias over south-
eastern Brazil, which was the major problem in mon-
soon development in case C in October, and partially
shifted the SACZ southward. lts SACZ position was
consistent with observations {Fig: 6b). Meanwhile, the
precipitation over the Amazon and surrounding arcas
was also reduced. All of these differences are signifi-
cant al more than a 90% significance level (not shown ).
Case 51 produced less evaporation than case € in many
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areas (Fig. ), The spatial distribution of the differ-
erces between case 51 and case C, howwever, were nol
always consistent with the changes in precipitation. For
example, the precipitation was actually increased south
of 25°S, in contrast lo the changes in cvaparalion. A
comparison between Fig. | and Fig, fic clearly shows
that the area with major evaporation reduction was
mainly over the savannah region, indicating that the
evaporation reductions in case 51 were highly related to
the energy partitioning modulated by surface VBP
rather than a simple response to changes in precipita-
tion. Case 51 simulated higher sensible heat flux than
case C over most parls of the continent, with highest
sensible heat flux over the savanna (Fig, 6d), corre-
sponding to reductions in latent heat lux.

Among the vegetation processes, seasonality may
contribute substantially to the highest reduction of la-
tent heat flux in the savanna area, In the SSiE model,
land surface properties were specificd according Lo veg-
etation cover lypes. A parameter set for each of the
vegetation types was used based on a variety of sources
(Dorman and Sellers 1989: Xue et al. 2001). Seasonally
varying monthly values of some vegetation propertics,
such as LAI green leaf fraction, and surface roughness
length, were prescribed for most vegetation Lypes orf
calculated in the model for the crop type (Xue et al.
1996h), Savanna had the highest LAT (5.2) it Fehruary
and pradually decreased in the [ollowing months, [t had
the lowest LAT (1.2) in Qctober and November after
the dry season, which was consistent with the satellite-
detived International Satellite Land Surface Climatol-
ogy Project Initiative IT (ISLSCP I1) LAT (H.-5. Kang
et al. 2005, manuscript submitted to J. Climate). This
lowest LAl was coincident with the large increase in
sensible heat flux and decrease in fatent heat {lux start-
ing in October (Fig, 5c), which had a profound impact
on low-level atmosphetic circulation.

In October, the SAMS circulation is strongly con-
trolled by equatorial dynamics (Zhou and Lauo 1995},
Moisture was transferred by southeasterly flow from
the Alantic (Fig. 7a). The SAMS ansel wus led by o
southward reversal of the cross-equatorial fow (Wang
and Fu 2002). The southeasterly airflow from the Al
lantic moved into the continent and turned counter-
clockwise, moving southward along the lee side of the
Andes. Xue et al. (2004) found that during the early
monsoon stage, the heating produced by VBP helped
the circulation turn over the cast Asian and African
continents due to the geostrophic balance, Without this
heating, the wind flow would move straight forward
without turning ( Xue 2005), However, this difference in
circulation disappeared during the monsoon mature
stage when convective activity dominates heating. We
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found a similar situation in this study. In austral spring,
the trade winds from the Atlantic turn counterclock-
wise while crossing northern South America, as dis-
cussed earlier. This turning was weaker in case C than
in reanalysis or case S1 (Figs. Th—d). In case €, theye
was netany turning in September (not shown and only
a weak turning in October (Fig. 7h), which indicated
that the orography alone in the NCEP GOCM was not
sufficient to produce the observed turning. The turning
mn case 51 was much stronger and produced a relative
anticyclone anomaly (compared 1o case C) in bath Sep-
tember (not shown) and October (Figs. Toand 7d). Tt is
impartant to understand the cause of the forming of
this anticyclone. The northern branch of this anticy-
clone created anomalous dry advection and reduced
convecltion over northern South America between 5°N
and 55, while its southern branch induced anomalous
moist convergence between 20% and 30°5 and shifted
the SACY to the south, Near the equatar, where the
Cariolis forcing was weak, the cause of the forming of
this circulation change should be different from that
aver the eastern Asian continent

Several studies have explored the mechanisms that
affect the SAMS development: Rodwell and Hoskins
{2001} found that the Rossby wave Tesponse o the west
of subtropical monsoon heating, interacting with the
midlatitude westerlies, produces a region of adiabatic
descent, which may contribute to the Mediterranean-
type climates of regions such as Chile. Zhou and Lau
(1998) found that sensible versus latent heating over
the highland was bound to play an important role in the
evolution of the 1989-90 SAMS, The impartance of
moisture {lux convergence (MFC) and the thermal low
in South American precipitation was also found in per-
petual January GOCM experiments (Lenters and Cook
1995). Furthermore, it has been found that the ventila-
tion effect [i.e., the import into South America of low
maist static energy (MSE) air from the cool ocean (pri-
marily Pacific) or the export of high MSE out of the
continent| had a very strong impact on the extent of the
rain zone and limited the southward cxtent of the
SAMS (Chou and Neelin 2001). Chou and Neelin
(2003} also indicated that the horizontal advection of
MSE (AMSE) had very important effects on vertical
motion and low-level convergence, and then MFC, in
conveclive regions.

Figure 8 shows the vertical integrated AMSE differ-
ence from the surface to 50 mb between case S1 and
case C in Dctober. Similar to Chou and Neelin {2001,
the vertical integrated AMSE is defined ds

—u;g;fv NICeT + gz + Low)dP, {1}
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where C, is specific heat of dry air at constant pressure,
T is air temperature (K), g is pravity acceleration
(ms?), 7z is height (m), L., is latent heal of condensa-
tion (I kg '), w is water vapor mixing ratio, and V i
horizontal wind vector. The temperature in southeast
Brazil was about 4° and 2°C higher at the surface and
925 mb, respectively, in case S1 than in case © fnol
shown)), consistent with the high sensible heat flux in
case 31 (Fig. 6d). The strong easterly winds and warm-
ing in case S1 ever the continent generated stronger
negative AMSE between 10° and 20°N along the north-
eastern coast (Fig. 8), which intensified the ventilation
effect caused by a low MSE oceanic air mass, Ventila-
tion tends to have a cooling and dryving effect in the
atmespheric calumn. The reduced MSFE induced sink-
ing (not shown) and contributed to anticyclonic airflow
aver the area. The relative anticyelone around [5°-
2078, 35°40"W was consistent with the relative diver-
gence zone (Fig, 7d), which corrected the positive bias
of precipitation abtained in case C in that area, These
resulls indicate that modulation of (ke heating gradient
aver the South American continent in October has a
substantial implication on the development and extent
of the monsoon onset. Furthermore, the st ronger south-
ward airflow along the eastern slope of the Andes in
case 51 brought unstable and high MSE air from the
Amazon znd met northward fow near 2575, gencrating
positive. AMSE (Fig, 8) and an intense convergence
area aver that region (Fig. 7d), which shifted the SACZ
southward (see the dipole diffcrence pattern between
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107 and 30°% in Fig, by, The results in this study reveal
that, in udditon to the gradient between the Pacific and
the South American continent as shown in Chou and
Neelin (2041), temperature and heating gradients be-
tween the continent and the Adtlantic induced by VBP
also affect the moensoon evolution. In addition, geo-
strophic adjustment near 20°5 seems to also contribute
1o this convergence (Fig. Td).

We also note that there is positive integrated AMSE
on the southwestern coast of South American (Fig. 8}
and a relative convergence (Fig. 7d) and a rising motion
in this area at 850 mb (not shown), Rodwell and Hosk-
ins (2001) have indicated that the reduced monsoon
convection could weaken the associated Hasshy wavg
subsidence to its southwest. Our results are inagree-
ment with this concept, and less monsoon precipitation
in the Amazon (Fig. 6a) was assoctated with a positive
AMSE and a relative slronger convergence it the
southwest coast arca:

The preécipitation (evaporalion) over continental
South America for case 81 (case C) are 107 (136) and
81 (116) mm day™", respectively, The evaporation pro-
vided a large contribution to continental precipitation
in Oetober. The evaporation diflerence between cuse
51 and case O in October was 35 mm month ™', which
was more than the reduction of precipitation, 29 mm
month ', This indicates that the difference in local
evaporation between case S1 and case C dominated the
changes in atmospheric moisture for the whele conti-
nent. However, Figs. 6b and 7d indicate thal spatial
distribution af the precipitation difference (Fig. 6b) was
consistent with the changes in MFC (Fig. 7d}, not in
evaporation (Fig. 6¢). Therefore, it seems that the dy-
namical processes indicated by AMSE (Fig. 8) in the
low-level atmosphere and YBP al the surface modu-
lated the impact of evaporation change on the spatial
distribution of precipitation.

[n December, the northward monsoon movement in
ease O was 1oo fast and merged with the [TCZ too carly
{Figs. 3g, 3h. and 4b), which produced a dipole anomaly
pattern: strong positive bias in precipitation in the
northeast part of South America and negative bias toits
southwest (Fig. Ya), The SACT was associated with
southeasterly flow over the eastern Atlantic, and il was
too strang and shifted to the north in case Coas in Oe-
tober. Case 51 partially corrected the unrealistic merg-
ing betwesn SAMS precipitation and the ITCZ and
shifted rhe SACZ back to the south {Fig. 9b). Similar to
the October case, all these differences were signilicant
at the 909 level,

Compared with October, the area with major precipi-
tation reduction moved northeast (Figs. 6b and 9b).
The northeast Brazilian shrub area (Fig. 1) became one

of the areas with major precipitation and evaporation
reductions in December (Figs. 9b and 9¢). Shrubs had
the highest LAT in March (1.5) and lowest LAT in No
vember and December (0.23). As described earhier, the
seasanality of savanna and shrubs was [tom our stan-
dard table (Dorman and Sellers 1989), Evaporation
contributed to the changes in precipitation, in particu-
lar in the shrub arca (Fig. 9¢). The precipitation and
evaporation reductions over the continent were 26 and
36 mm month ', respectively. The corresponding values
over the area between 15°S and 5N, 70° and 35°W,
where precipitation had the most reduction, were 44
and 36 mm month™', respectively. However, the spatial
pattern of changes in evaporation did not correspond to
the changes in precipitation over many areas. In the
SACE arca, the changes in these two variables had Lhe
apposite signs, Similar o the October situation, vent-
lation in December also plaved a robe for these changes,
although not as strong as in Oclober (ol shown), The
spatial distribution of the changes in the vertical inte-
grated moisture fux divergence was consistent with
changes in precepitation (Figs: 9 and 10d), Circulation
changes played an impoertant role in modulating the
spatial distribution of atmospheric moisture.

A comparison between reanalvsis data and the simu-
lution clearly shows that the simulated airflow and
moaisture flux convergence in case 51 arc closer (o re-
analysis than i case C, For example, case 51 simulated
i convergence maximum around 3°-15°5, 45"W and a
divergence center 1o 1ts east (Fig, 10¢), consistent with
the reanabysis (Fig. 10b), Convergence and divergence
centers in case © were both very weak, The northerly
wind flow along the eastern scarp of the Andes in case
51 was stronger and was akso closer to reanalysis than
for ease C (Figs. 10c and 10d). A comparison belween
the difference in moisture flux convergence between
case 51 and case C shows important differences be.
tween Octoher and Deeember in same regions. For in-
stance, the area with the maximuny sensible heat differ-
ence between cases 51 and C was mainly located over
the northeast cormer of Braxil, a shrubland, in Decem-
her (Fip. 9d). The area with major reduction in verti-
cally integrated MSE (not shown), major convergence
difference, and major precipitation reduction therelore
also moved to that area and the nearby Atlantic Ocean
(Figs. 9b-and 10d), which contributed to correcting the
strong northward mergence of SAMS with the ITCZ in
case C. The strong divergence likely induced a strong
convergence to its wesl, around 3°-10°5, 45°W (kg
10d), consistent with reanalysis (Fig. 10a). In addition,
strong northerly flow in case 51 may conlribute 1o an
intensive SACYE (Fig. 10d) as shown in October, Be-
cause the differences in surface energy partitioning,
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leva-level circulation, and MEFC discussed for December
persisted during the entire rainy season, the DJF pre-
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An important feature in SAMS is the Bolivian high

during the monsoon mature stage. Previous theoretical
and diagnostic studies indicated that the high was gen-
erated by remote forcing from Africa and loeal forcing
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over South America, including condensutional heating  cesses of monsoon development. Our results show that,

over the Amuazon (e.g., Lenters 1997; Nogués-Pacple et
al, 2002, among many others). This high pressure sys-
lem wis formed in January and February in 1987 (Fig.
11a) and corresponded very well to the thermal low
near the surface in this study, as evident in Fig. 9d, With
strong thermal heating at the land surface; the Bolivian
high was better simulated in case S1 (Fig. 11), which
demanstrales the effeet of local sensible forcing duc 1o
VBF on its formation.

5. Discussions and summary

This study explored the impact of land surface pro-
cesses on the structure and evolution of the SAMS with
an emphasis on the evolution of precipitation. The re-
sults were obtained using the NCEP GCM coupled with
two different land surface parameterizations; one in-
cludes an explicit representation of vegetation pro-
cessed mn the caleulation of surface fluxes, while the
other dees not. The simulations consisted of five pairs
of 1-yr integrations differing in the initial conditions for
the atmosphere but with the same soil moisture 1o ex-
amine the impact of VBP on SAMS and to evaluate the
robustness of the model results.

This research is a further investigation of the role and
mechanisms of VBP in view of Sato et al's (1989)
study. Although the results obtained with the two dif-
ferent parameterizations were compared with each
other and with abservations, our goal was principally to
better understand the influence of VBP an the pro-

during the austral summer, the GOCM with and without
explicit vegetation processes produced similar monthly
mean simulations of precipitation at the planetary scale
when similar monthly mean surface albedo and initial
soil modsture were used (Fig, 2). However, al the con-
tinental and synoptic scales, more complete represen-
tation of land surface processes produced a simulation
of the SAMS that is closer to observations, The effects
were mainly manifested in the temporal evolution of
the mensoon, its strength, the spatial distribution of
precipitation, and associated circulation at continental
and synoplic scales, GOM/Soil carrectly produced a
South American rainy season. The process of south-
ward movement of precipitation in October, however,
wis not clearly defined. The merging of SAMS with the
ITCZ was oo carly and too strong, producing a very
wet rainy season. GOM/SSIE improved the simulations
in all these aspects, as well as in the values of monthly
mean precipitation. The improvement in the simulation
associated with VBP was consistent throughout the en-
tire vear {Table 1), These differences could have sig-
nificant implications for regional water resources, as
shown in Figs. 6b and 9b. All these findings are also
consistent with our boreal summer monsoon study
{(Xue e al. 2004).

It could be argued that the deficiencies in case ©
could be reduced by modification of the GCM/Soil pa-
rameterization, such as changing the number of soil
layers, soil depths, or ceverly tuning the values of soil
conductivity. ete. In fact, after Sato et al.’s (1989} study
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a similar argument attributed the deficiency in GOM/
Bucket to the improper specification of the beta param-
cter in the GOM. However, several more recent studies
such as the Project for Tntercomparison of Land surface
Parameterization Schemes (PILPS: Henderson-Sellers
oL oal, 1993} have consistently shown betler simulations
in surfuce water and energy budgets by introducing bio-
physical models, Most major contemparary GOMs cur-
rently include a biophysical submodel for their surface
processes. [n this study, as a matter of lact, both the soil
model in the NCEP GCM and SSiB soil submodel ap-
ply diffusion equations for soil moisture transfer and
the Paulson equation for caleulation of surface layer
asrodynamic resistance, although 55iB madifies it for
vegetation-covered conditions. The GCM/Soil has been
thoroughly tested and evaluated for numerical weather
forecasting and reanalyses. and produced reasonahle
climate mean results. It is unlikely that any tuning of
the GOMISol) for different Bowen ratios far one case
would not be at the expense of a hetter simulation of its
miean elimate. Both the NCEP soil submodel and 55iB
are physically based models, which was made evident
by the lack of any need for tuning when the soil mdel
was replaced with 88iB. The differences between the
simulations by the two models could be clearly related
to physical and dynamic processes even in a complex
GCM system. We believe that this and our other studies
{e.g.. Xue et al, 2004) strongly suggest that the VBEP is
a major contributor to the difference in the simulation
of intraseasonal monsoon evolution. We also beheve
more experiments with different models and diflerent
approaches aré necessary to further tackle this issue.
To understand the effect of soil moisture variability
on surface water and energy balances and land-atmo-
sphere interaction, we also used GSWP soil maisture
for a test (case 52). GSWP (Dirmeyer et al. 1999) is a
pilat study ntended to produce a soil wetness global
daraset by using 1987 and 1988 meteorclogical obser-
vations and analyses to drive land surface models. S5ib
has participated in this project. This project is intended
to produce "hetter” soil moisture fields for GCM ap-
plication. In general, the soil in GSWP was drier than
that in the reanalysis data over South America (Figs.
12a-c), although the difference at the rooling zone was
dramatically reduced after one monih’ssimulation (Fig.
12d). This reduction indicates that the model adjusted
the soil maisture to its climatalogy very quickly. After
the soil moisture was modificd by monsoon precipita-
tion, hoth case $1 and case 52 had virtually the same
soil meisture in the rooting zone during the rainy sea-
son (not shown). The monthly mean precipitation ah-
tained in case S2 is also listed in Table 1. The improve-
ment of the precipitation simulation in South
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America in case 52 was not as substantial as in our Fast
Asian study (Xue et al. 2004) since cas S1 was already
closer Lo observations, In addition, in the East Asian
study, the initial starting date {1 May) was much closer
to the monsoon onsel {late May): therefore, proper ini-
tial soil moisture had a larger impact on the monsoon
simulation. However, although the soil moisture differ-
ences between cases S2 and S1 during the ramy season
were very small, the difference in precipitation was still
Jarge in February and March (Table 1}, especially in
Brazil (not shown), which was an indication that the
effect of soil moisture lasted longer. Further compre
hensive investigations regarding soil meisture effects
are required.

This study confirms that different partitioning of la-
tént heat and sensible heat fluxes (1e., ditferent Bowen
ratio) caused different latitudinal and tongitudinal ther-
mal gradients at the surface. Case %1 produeed more
censible heat fux, especially during October—January.
which helped to produce a stronger heal gradient be-
tween continent and ocean. Ventilation effects contrib-
uted toa stronger counterclockwise turning of the low-
level wind from the Atlantic Ocean toward the conti-
nent during the premonsoon and early monsoon sLEEs.
Furthermiore, it was identified that the seasonality of
savanna and shrublands to the south and east of the
Amazan rain forest influenced circulation and contrib-
uted 1o a relative anticyclone anomaly, which pre-
vented the monsoon from moving into southeast Brazil
at monseon onset and an overly strong northward mer-
gence of SAMS with the ITCZ at the carly mansoon
malure stage.

Land surface processes modulate the surface water
and energy balance, which in turn affect land-atmo-
sphere interactions that are complex and nonlinear.
The dominant interaction mechanisms depend on tent-
poral and spatial scales, lopographic features, and back-
pround climate conditions (e.g., Xue 1996 Xue et al.
2001, 2004). In this study, evaporation and MFC play
important but scemingly different roles in modulating
the changes in simulations with/withoul vegetalion pro-
cesses. Evaporation and subsequent latent heat release
play important roles in $AMS developmient (e.g., Zhou
and Lau 1998), Monthly mean evaporation rates for
case 51 and case C over the South American continent
are listed in Table 1, The ratios of annual mean cvapao
ration to precipitation over Scuth America were Fra
and 81% in case S1 and case C, respectively. The Ama-
zon rain forest area contributed 57.2% and S50.1% of
Lstal evaporation over the South American continent,
The January-March (JFM) mean ratios of evaporation
to precipitation were 55% and 69% in case 51 and casc
O, respectively. The percentages are much lower than
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Tapre 2, Mean precipitation and evaperation differences be-
pwpen case 51 and case O over the South American continent
(1 month ™)

Precipitation Evaparation
Annual —-139 176
Jan ~ 8.6 -39
Feh J.0 ElR.
Mar —15 284
Apr =37 — 340
May —20.1 —26.2
Jun -84 —259
Jul -3 —17.3
Aug -8 — 7
Sep —17.0 —288
(2t —28.8 —34.7
Now 231 -343
Dec 29,7 A4

the annual mean, which indicates that the moisture flux
trafisport from the Atlantic plavs an important role in
summer monsoon precipitation. In this study the greal-
est atmospheric maoisture difference over the continent
between ease $1 and case C was caused by the evapo-
ration difference berween these two cases ( Table 2. On
the other hand, the spatial distribution of changes in
precipitation was mainly determined by changes in
AMSE and MUC, as discussed earlier. This indicates
ihat VBP modulated the surface water budget. Bul its
impact on precipitation was mainly controlled by the
changes in circulation after changes in the heat gradi-
ent, consistent with the fundamental monsoon physics;
that is, the monsoon itself is considered to be an inevi-
table constquence of land-sea contrasts in sensible
heating (Rodwell and Hoskins 2001). This study also
shows that changes in SALLJ and circulation near the
South American east coast, which were affected by the
heating gradient between the Atlantic and the conti-
nent, plaved an important role in modulating the
SAMS development.

This is a ease study using the NCEF GUM. To con-
firm the findings and hypothesis in this study, more case
studies with different models are necessary, This study
also shows that accurate simulations and predictions of
SAMS are a formudable task and that crucial improve-
ments remain to be made, We have identified the pes-
sible importance of the seasonality of savanna and
shrubs in the SAMS development. Altheugh the speoi-
fied LAl values in the dry season we used were consis-
tent with the satellite-derived data, the LAIT values (4
5) in the wet season were much higher than those pro-
duced by remotely sensing methods (about 3) (EL-5.
Kang et al. 2003, manuscripl submitted 1o /. Climmare),
which may have contributed to the wet bias in case 51

CLIMATE Waorkme 14
in the wet season. More realistic specifications of sa-
vanna seasonality based on ground truth measurements
and remote sensing, as well as applications of dynanie
vegetation maodels, should be very useful in further as-
sessing the tole of vegetation seasonality in SAMS.
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