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AB STRACT

Four year long cli mate sim u la tions us ing the Se oul Na tional Uni ver sity, re gional cli mate model have been per formed to

as sess the role of the MODIS Leaf Area In dex (LAI) and in ter ac tive LAI in in flu enc ing Asian cli mate. The con trol ex per i ment

em ploys the fixed monthly LAI ac cord ing to the orig i nal land sur face model. An other ad di tional sim u la tion re places the LAI

by 4-year mean MODIS cli ma tol ogy. The last two in te gra tions both al low the LAI to in ter act with the at mo sphere, but adopt

two different simple parameterization schemes.

Al though the con trol ex per i ment gen er ally re pro duces spa tial dis tri bu tion and the mag ni tude of Asian sur face cli mate, it

con tains large bi ases in some spe cific ar eas, which are partly im proved by the im ple men ta tion of MODIS LAI and veg e ta tion

in ter ac tion schemes. In win ter months (Jan u ary-to-March), greener land sur face in tro duced in the last three sim u la tions

re duces cold bi ases over North east China and ad ja cent ar eas, south ern China, Ko rea, and Ja pan, and warm bi ases over South

Asia, and pre cip i ta tion dis crep an cies over South Asia, south ern China and West Ja pan. In con trast, LAI changes only play a

lim ited role in sum mer. There are sig nif i cant dif fer ences be tween re gions with re spect to mech a nisms ex plain ing win ter-month

improvement in sur face cli mate simulations. Over North east China and ad ja cent ar eas, in creased LAI in creases net so lar ra di a tion 

by about 12 W m-2 mainly through the ef fects on sur face albedo, thereby warm ing the sur face by about 1.8°C. A de crease in

clouds makes a ma jor con tri bu tion to sur face warm ing and pre cip i ta tion re duc tion over south ern China. In creased

evapotranspiration dom i nates changes in sur face en ergy bal ance, and cause less net ra di a tion to be par ti tioned into sen si ble

heat over South Asia. As a re sult, the model sim u lates about 1.5°C colder sur face air tem per a ture and about 0.1 mm day-1 more

precipitation over this region. Finally, the implications and limitations of this study are also discussed.
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1. IN TRO DUC TION

The role of the ter res trial sys tem in in flu enc ing cli mate

has been in creas ingly recognized in past thirty years. Re -

cent sta tis ti cal anal y ses to avail able ob ser va tions in deed

de monstrated ev i dence for land sur face feed backs on sur -

face cli mate (Kaufmann et al. 2003; Zhang et al. 2003, 2008; 

Liu et al. 2006; Wang et al. 2006). How ever, be cause the

phys i cal and dy nam i cal mech a nisms in volved definitely

can not be ex tracted sta tis ti cally, mod els are still the ma jor

tool for un der stand ing land-at mo sphere in ter ac tions with

 

their additional ca pac ity for pro cess and cau sal ity anal y ses.

In mod els, a re al is tic de scrip tion of land sur face-at mo -

sphere in ter ac tions in volv ing com plex phys i cal and che -

mical pro cesses re quires ac cu rate spec i fi ca tion of many

land sur face pa ram e ters. The Leaf Area In dex (LAI), i.e.,

one sided green leaf area per unit ground area for broadleaf

can o pies or pro jected nee dle-leaf ar eas for co nif er ous can o -

pies, has been iden ti fied as one key pa ram e ter.

At mo spheric Gen eral Cir cu la tion model (AGCM) stu -

dies have found that LAI changes play an im por tant role in

sim u la tions of near-sur face cli mate pat terns and changes

(e.g., Chase et al. 1996; Maynard and Royer 2004). For ex -
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am ple, Buermann et al. (2001) dem on strated that the util ity

of LAI data de rived from the max i mum NDVI of Ad vanced

Very High res o lu tion Ra di om e ter Path finder (AVHRR)

data could im prove global sur face cli mate sim u la tions. With 

the launch of TERRA car ry ing the Mod er ate Res o lu tion

Ima ging Spectroradiometer (MODIS) onboard, global or

re gional high-qual ity LAI fields from MODIS-mea sured ca -

nopy reflectance data could now be pro vided (Knyazikhin

et al. 1998; Myneni et al. 2002; Tian et al. 2004; Yang et al.

2006). A more ac cu rate rep re sen ta tion of the LAI field us ing 

MODIS data may con trib ute to an im prove ment in cli mate

sim u la tions.

Cli mate is the most im por tant driv ing force in shap ing

nat u ral veg e ta tion growth and dis tri bu tion. How ever, ear lier

mod els only de scribed one-way veg e ta tion feed back th -

rough pre de fined veg e ta tion phenology, which lim ited re -

sponse of veg e ta tion to cli mate anom a lies, such as warmer

or colder than av er age sea sons or years, or to long-term

changes in cli mate. In the past de cade, some land sur face

model groups have been mo ti vated to de velop global cou -

pled veg e ta tion-cli mate in ter ac tion mod els, for in stance,

Foley et al. (1998), and Delire et al. (2002). Sim u la tions of

pres ent cli mate and Paleoclimate us ing these cou pled mo -

dels sug gested the im por tance of veg e ta tion in ter ac tions

(e.g., Texier et al. 1997; Bonan et al. 2003; Delire et al. 2004; 

Le vis and Bonan 2004; Arora and Boer 2006). Re gard ing

regional stud ies, Lu et al. (2001) dem on strated that sea -

sonal changes of veg e ta tion strongly in flu ence re gional cli -

mate pat terns over the cen tral United States. Tsvetsinskaya

et al. (2001) in tro duced daily plant growth into a re gional

cli mate model, and found that sur face heat, mois ture, and

mo men tum fluxes are sen si tive to in ter ac tively sim u lated

LAI and can opy height over the cen tral Great Plains. Zeng et 

al. (1999), and Wang and Eltahir (2000) con cluded that

vegetation-cli mate in ter ac tions en hance the low-fre quency 

variabil ity of cli mate over the Sahel while sup press ing the

high-fre quency vari abil ity.

Over Asia, the com plex to pog ra phy and large vege -

tation gra di ent are able to in duce meso-scale cir cu la tions

strong enough to mod ify syn op tic cir cu la tion and form lo cal

cli mates. Com pared with AGCMs, re gional cli mate mod els

(RCMs) are more skill ful at re solv ing land sur face hete -

rogeneity and other phys i cal pro cesses, and thus may better 

repro duce Asian re gional cli mate vari a tion and vari abil ity

(e.g., Leung et al. 1999; Wang et al. 2003; Fu et al. 2005;

Ding et al. 2006). How ever, most pre vi ous RCM stud ies of

Asian cli mate gen er ally only in cluded one-way veg e ta tion

feed back. Chen et al. (2004) showed the im por tance of in -

cor po rat ing in ter ac tive veg e ta tion in sim u lat ing East Asian

cli mate and cli mate change due to at mo spheric CO2 us ing

regional cou pled soil-veg e ta tion-at mo sphere model simu -

lations.

The ob jec tive of the pres ent study is to ex am ine the

feasibility of us ing MODIS LAI and sim ple veg e ta tion-

 climate in ter ac tion schemes to im prove sea sonal Asian cli -

mate sim u la tion in the Se oul Na tional Uni ver sity, Re gional

Cli mate Model (SNU-RCM). We fo cus on sea sonal changes

in LAI, which is dif fer ent with pre vi ous RCM sim u la tions of 

East Asia cli mate by Chen et al. (2004) that used an equi -

librium veg e ta tion model to ex am ine veg e ta tion in ter ac tion 

effects on long-term mean cli mate and cli mate change. In

cur rent land sur face mod els, veg e ta tion phenology is para -

meterized mainly us ing pre scribed monthly veg e ta tion para -

meters (e.g., BATS: Dickinson et al. 1993), the pre scribed

thresh old tem per a ture or sim ple func tions of tem per a ture

(e.g., IBIS: Foley et al. 1996), the de gree-day and chill ing-

 day sum[s] (e.g., BIOME3: Haxetline and Prentice 1996;

LPJ: Bonan et al. 2003), and the car bon ben e fit and loss

approach (e.g., FBM: Lüdeke et al. 1994). In this study we

use two veg e ta tion in ter ac tion schemes to rep re sent the

response of veg e ta tion to sea sonal cli mate variations: one

is based on re gres sion equa tions, and the other fol lows the

sim ple dy namic veg e ta tion model in Zeng et al. (1999).

The pa per is or ga nized as fol lows. Sec tion 2 de scribes

model and ex per i ment de sign as well as pro cesses af fected

by LAI changes. Sec tion 3 pres ents the re sponses of sur face

cli mate and as so ci ated sur face en ergy bal ance and at mo -

spheric cir cu la tion to the im ple mented MODIS LAI and

two veg e ta tion in ter ac tion schemes. Fi nally, con clu sion and

dis cus sion are given in sec tion 4.

2. AP PROACH

2.1 The Re gional Cli mate Model

The Se oul Na tional Uni ver sity, Re gional Cli mate Mo -

del (SNU-RCM) (Lee et al. 2002, 2004) is em ployed in this

study. The at mo spheric com po nent is based on the Fifth -

Generation NCAR/Penn State Mesoscale Model (MM5)

(Grell et al. 1994), a non-hy dro static prim i tive equa tion

model writ ten in ter rain-fol low ing sigma co or di nates and

orig i nally de vel oped for me dium-range fore cast ing. To si -

mulate long-term sur face pro cesses, an ad vanced and com -

prehensive land sur face parameterization scheme, the NCAR 

land sur face model (NCAR/LSM) (Bonan 1996), has been

im ple mented into the SNU-RCM (Kang et al. 2005).

The NCAR/LSM is a one-di men sional model of en ergy,

mo men tum, wa ter and CO2 ex change be tween the land and

the over ly ing at mo sphere. It solves the sur face en ergy bud -

get, tak ing into ac count eco log i cal dif fer ences among veg e -

ta tion types, hy drau lic and ther mal dif fer ences among soil

types, and al low ing for mul ti ple plant types (up to three)

within a veg e tated model grid cell. Veg e ta tion ef fects are

included by al low ing for 13 func tional plant types that

differ in plant phys i ol ogy (leaf op ti cal prop er ties, stomatal

phys i ol ogy, leaf di men sion) and veg e ta tion struc ture (hei -

ght, rough ness length, dis place ment height, root pro file, and

monthly leaf and stem area). The 13 func tional plant types

are com bined with the bare ground to give 28 dif fer ent veg e -
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tated sur faces. The model eval u ates sur face fluxes at ev ery

time step (20 min in this study) and for each sub-grid cell

inde pend ently, us ing the same grid-av er aged at mo spheric

forc ing. It then pro vides the grid-av er aged sur face fluxes to

the at mo spheric model by tak ing the sub-grid frac tional

areas into con sid er ation.

2.2 Ex per i ment De sign

Four ex per i ments are pre formed over the pe riod of 1

January to 31 De cem ber 1998. All the model con fi gu -

rations are the same in these ex per i ments ex cept for LAI and

the changes due to LAI. We re fer to the four sim u la tions as:

(a) con trol ex per i ment (CTL); (b) ex per i ment with MODIS

LAI (MODIS); (c) ex per i ment with LAI cal cu lated with the

re gres sion equa tions (ReDVM); and (d) ex per i ment with a

sim ple dy namic veg e ta tion model (SiDVM).

The CTL em ploys pre scribed biome-spe cific monthly

LAI, which is orig i nally used in the NCAR/LSM. The LAI

in each veg e tated model grid cell is cal cu lated us ing 13 LSM 

LAI pro files (Fig. 1).

The MODIS re places the LSM pro files with the MODIS 

cli ma tic ones (Fig. 1). The MODIS prod uct qual ity and its

con sis tency with field mea sure ments were im proved in
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Fig. 1. NCAR/LSM and MODIS LAI pro -

files, and pre cip i ta tion (in mm day-1) and tem -

per a ture (in °C) from Willmott and Matsuura

(1995) for 13 veg e ta tion types.



Col lec tion 4 com pared with pre vi ous ver sion by in cor po -

rat ing sub stan tial changes in the al go rithm and its in puts

(e.g., Yang et al. 2006). The 4 ´ 4 km MODIS data for the

pe riod from July 2000 to June 2004 were first av er aged to

pro duce the cli ma tic LAI field. The cli ma tic data over the

North ern Hemi sphere were then ag gre gated to ob tain the

MODIS LAI pro files for 13 LSM veg e ta tion types us ing

the MODIS biome map (Myneni et al. 2002) and lat i tu di nal 

in for ma tion.

In the ReDVM, the re gres sion equa tions be tween the

monthly mean tem per a ture and the MODIS LAI are deve -

loped to pre dict the re sponse of veg e ta tion to cli mate vari a -

tions (Ta ble 1). With dy namic veg e ta tion en abled, LAI is

sim u lated rather than ob tained from pre scribed sur face

datasets. Here we mainly con sider veg e ta tion types with

large sea sonal changes in LAI, which gen er ally ex hibit a

strong response to sur face air tem per a ture.

In the last ex per i ment, a sim ple dy namic veg e ta tion

model, which fol lows the veg e ta tion in ter ac tion scheme in

Zeng et al. (1999), is im ple mented into the SNU-RCM. We

fo cus on the re sponse of veg e ta tion phenology, and use

surface air tem per a ture to pre dict the daily LAI of for est

and grass, re spec tively. The cen tral equa tion in the sim ple

model is a bio mass equa tion driven by pho to syn the sis and

veg e ta tion loss:

(1)

Where L is leaf area in dex, a is a car bon as sim i la tion

coefficient, T is sur face air tem per a ture, g (T) is an em pir i -

cal parameter de pend ing on T, and k is the ex tinc tion co -

efficient of photosynthetically ac tive sun light taken as

0.75 (Zeng et al. 1999). t is the leaf growth timescale, de -

pend ing on cli mate, veg e ta tion and soil prop er ties. Here,

we take 15 and 10 days for for est and grass/crop, re spec -

tively. a is cal cu lated as fol lows:

(2)

where Lw (= 8) is an op ti mal leaf area in dex based on the

observation. If g (T) is de pend ent on sur face air tem per a -

ture, we can ar rive at a lin ear re la tion, based on MODIS

LAI and tem per a ture from Willmott and Matsuua (1995):

g(T)  =  (T  -  215) / 215 (3)

15 and 10-day run ning mean T are used to cal cu late g

values for for est and grass/crop, re spec tively.

The model do main con sists of 151 ´ 111 grid points

with a hor i zon tal grid spac ing of 60 km, in clud ing nearly all

ar eas over Asia and nearby oceans. There are 23 lay ers in the 

ver ti cal di rec tion with the model top at 70 hPa. Other phy -

sical parameterizations used in this study in clude Anthes-

 Kuo’s cu mu lus scheme (Anthes 1977), the sim ple ice ex -

plicit mois ture scheme (Dudhia 1989), non-lo cal plan e tary

layer phys ics (Hong and Pan 1996), and the NCAR Com -

munity Cli mate Model ver sion 2 (CCM2) ra di a tion pack -

age (Briegleb 1992).

The 6-hourly NCEP/NCAR reanalysis-II data (Kistler

et al. 2001) and the ob served sea sur face tem per a ture up -

dated ev ery 24 hours from Smith and Reynolds (1998) are

inter polated to model grids to pro vide ini tial and lat eral
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boun dary con di tions for driv ing the re gional cli mate model.

The buffer zone in the lat eral bound aries con sists of 15 grid

points. A lin ear-ex po nen tial com bined for mula is adopted to

de ter mine nudg ing co ef fi cients (Liang et al. 2001). Ini tial

soil mois ture and tem per a ture data re quired for SNU-RCM

are ob tained from an off-line sim u la tion of NCAR/LSM,

after it reaches an equi lib rium state un der the forc ing of

6-hourly at mo spheric val ues, and sur face ra di a tion from

NCEP/NCAR reanalysis, as well as daily pre cip i ta tion data

from the NCEP/CPC ar chives.

2.3 Phys i cal Pro cesses Af fected by LAI Changes

Land sur face de ter mines the par ti tion ing of sur face net

en ergy (Rn) into sen si ble heat (H) to warm the near-sur face

at mo sphere, la tent heat (lE) re leased to fuel pre cip i ta tion at

higher lev els, ground heat (G) to warm the soil, and snow

melt heat (M):

Rn  =  H  +  lE  +  G  +  M (4)

where Rn is cal cu lated as:

Rn  =  S ¯ (1  -  as)  -  (L ­  -  L ¯) (5)

where S ̄  is so lar ra di a tion reach ing the Earth’s sur face, as

is sur face albedo de ter min ing re flected so lar ra di a tion, and

L ­ and L ̄  are emit ted and re ceived longwave ra di a tion by

the sur face. An in crease in LAI di rectly de creases as of the

veg e tated land sur face, and there fore in creases Rn. In -

creased LAI can also in crease plant tran spi ra tion by in -

creas ing stomatal con duc tance un der op ti mal grow ing con -

di tions, and in crease can opy evap o ra tion by in ter cepting

more pre cip i ta tion dur ing rainy days. This will sub se qu -

ently af fect the par ti tion ing of Rn into H and lE. Ex cept for

sur face en ergy bud get, a change in LAI can also in flu ence

sur face wa ter bal ance mainly through can opy evap o ra tion

and tran spi ra tion. Mod i fi ca tion of sur face en ergy and wa -

ter pro cesses will fur ther trans fer into anom a lies in the at -

mo spheric bound ary layer, clouds, pre cip i ta tion, and cir cu -

la tions, which in turn en hance or damp sur face en ergy and

wa ter cy cles.

3. RE SULTS

3.1 Dif fer ences in LAI

Fig ure 2 shows the LAI dif fer ence fields be tween

MODIS, ReDVM, SiDVM and CTL in win ter and early

spring (Jan u ary-to-March), and sum mer (June-to-Au gust).

The MODIS LAI for each LSM sur face type is gen er ated

using 4 ´ 4 km data and was shown ear lier (Fig. 1). In

ReDVM and SiDVM, the LAI is pre dicted by sur face air

tem per a ture. LAI changes are sim i lar in spa tial struc ture in

MODIS, ReDVM and SiDVM. In most ar eas of the model

do main, they ex hibit higher LAI in win ter and early spring,

and lower LAI in sum mer as com pared to CTL. Sig nif i cant

LAI dif fer ences (> 0.8) mainly ex ist over east ern China and

south ern Asia in win ter and early spring. Mean while, LAI

changes are some what dif fer ent in mag ni tude be tween

sen si tiv ity ex per i ments. ReDVM and SiDVM sim u late

greener (> 0.2) sur face than MODIS over some ar eas in

winter and early spring due to a re sponse to ab nor mal high

temperature in 1998.

3.2 Dif fer ences in Sur face Air Tem per a ture and
Precipitation

To eval u ate model per for mance, sta tion sur face air

temperature and pre cip i ta tion data from the NCEP/CPC

over land, and the CPC Merged Anal y sis of Pre cip i ta tion

(CMAP) data (Xie and Arkin 1997) over the ocean are ag -

gre gated onto the same spa tial res o lu tion as the model data.

To ac cu rately re tain small-scale fea tures re solved by ob ser -

va tions, the multi-quad ric in ter po la tion method is adopted

when in ter po lat ing sta tion data to model grids (Nuss and

Titley 1994).

Sim u lated sur face air tem per a ture in CTL is 3 - 7°C

colder than the ob ser va tions over many ar eas of China,

Mon go lia, Ko rea and Ja pan, and 1 - 5°C warmer than the

observations over South Asia, and North west China and

adjacent ar eas in win ter and early spring (Fig. 3). The sum -

mer tem per a ture is better sim u lated than win ter and early

spring, with the bias within ±2°C of the ob ser va tions. The

changes in tro duced by MODIS LAI and veg e ta tion in ter ac -

tions re duce or elim i nate some tem per a ture bi ases found in

CTL in win ter and early spring. In par tic u lar, the cold bi ases

over North east China and ad ja cent ar eas, south ern China,

Ko rea and Ja pan are re duced, and the warm bi ases over

South Asia are elim i nated. In con trast LAI changes play a

lim ited role in sum mer tem per a ture simulations pos si bly be -

cause the per cent age changes of sum mer LAI are rel a tively

small. We also note that it is rea son ably dif fi cult to judge to

what ex tent the bi ases are real or rather an ar ti fact of in com -

pat i bil ity be tween ob ser va tions and sim u la tions over the

Tibetan Pla teau, partly be cause the low el e va tion bias of

observational sites over moun tain ous ter rain may ren der the

ob served tem per a tures higher than those from SNU-RCM.

The 1990s were the warm est de cade on re cord, with the

year 1998 the warm est year over Asia, ac com pa nied by a

large in crease in veg e ta tion green ing and a lon ger grow ing

sea son in Eur asia from 1981 to 1999 (Zhou et al. 2001). The

veg e ta tion in ter ac tion schemes al low veg e ta tion to re spond

to tem per a ture anomalies. High tem per a ture in 1998 win ter

and early spring en hances veg e ta tion growth, and leads to a

greener land sur face in ReDVM and SiDVM than in MODIS, 

which pre scribes a 4-year climatologic LAI field. In turn, the 

greener sur face feeds back to in flu ence sur face cli mate and

at mo spheric cir cu la tion, and in tro duces a higher tem per a -
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ture over North east China and ad ja cent ar eas, south ern

China, Ko rea, and Ja pan, and a lower tem per a ture in South

Asia. These out comes agree better with the ob ser va tions.

North east China and ad ja cent ar eas, south ern China and

South Asia are three re gions with large tem per a ture re sponses,

and we fur ther ex am ine the daily tem per a ture dif fer ences th -

rough out the whole year over the lands and these three re -

gions (Fig. 4). MODIS LAI and veg e ta tion in ter ac tions warm

sur face air tem per a ture in Feb ru ary-to-April, which partly re -

duces tem per a ture bi ases, but have a small im pact in other

months over the lands. The tem per a ture bi ases over North east 

China and ad ja cent ar eas are re duced all year round, while the

im prove ment in South Asia and south ern China mostly oc curs 

in cold months. It is in ter est ing to note that the im pacts of LAI

changes are dif fer ent over dif fer ent re gions. For ex am ple, a

greener land sur face in cold months leads to an in crease in

tem per a ture over North east China and ad ja cent ar eas and

south ern China, but a de crease over South Asia. The phys i cal

mech a nisms lead ing to these dif fer ences will be dis cussed

later. These dif fer ences also im ply that MODIS LAI and ve -

getation in ter ac tions im prove tem per a ture sim u la tions more

at re gional and lo cal scales than on a con ti nen tal ba sis.

382 Zhang et al.

Fig. 2. LAI dif fer ences be tween MODIS, ReDVM, SiDVM and CTL in Jan u ary-to-March (left pan els) and June-to-Au gust (right pan els).
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Fig. 3. Dif fer ences in sur face air tem per a ture (in °C) be tween CTL and ob ser va tions, and be tween MODIS, ReDVM, SiDVM and CTL in Jan u -

ary-to-March (left pan els) and June-to-Au gust (right pan els). The grid cells with val ues sig nif i cant at 90% con fi dence level by Stu dent’s t-test are

marked by closed cir cle.

(a) (b)

(c) (d)

(e) (f)

(g) (h)



We sub se quently look at pre cip i ta tion dif fer ences (Fig. 5).

In win ter and early spring, the CTL sim u lates too much

precipitation in a broad band ex tend ing from East China to

the West Ti betan Pla teau, too lit tle pre cip i ta tion in South

Asia. In creased LAI de creases the pre cip i ta tion over south -

ern and north ern China and the South Ti betan Pla teau, and

in creases pre cip i ta tion over South Asia, there fore re duc ing

the pre cip i ta tion dis crep an cies over these re gions in MODIS,

ReDVM, and SiDVM. In sum mer, the CTL pro duces too

much pre cip i ta tion over the arid to semi-arid band from

North east China to West China, and too lit tle pre cip i ta tion

over the ar eas north and south of this band. The MODIS and

ReDVM sim u late less pre cip i ta tion over the arid to semi-

 arid band, which is in better agree ment with the ob ser va -

tions. How ever, there is gen er ally more spa tial het er o ge ne ity 

with re spect to sum mer pre cip i ta tion simulations than win ter 

and early spring pre cip i ta tion simulations. The changes are

in sig nif i cant in most ar eas of the model do main, im ply ing

that there are larger un cer tain ties in sum mer pre cip i ta tion

differences in duced by LAI changes.

These tem per a ture and pre cip i ta tion dif fer ences between

ex per i ments and di ver gences from ob ser va tions are fur ther

ev i dent in the anal y ses of re gional means of win ter and early

spring sur face air tem per a ture and pre cip i ta tion (Ta ble 2).

Con sis tent im prove ments in tem per a ture sim u la tions are

seen over the lands and sev eral hot spots when MODIS LAI

and veg e ta tion in ter ac tion schemes are im ple mented. Over

the lands, greener land sur face pro duces a mean tem per a ture

of about -3.4°C, about 0.3°C warmer than the CTL sim u la -

tion. For spe cific re gions, it warms North east China by 1.6 -

1.9°C and south ern China by 0.6 - 0.8°C, and cools South

Asia by about 1.5°C. These changes are all in the di rec tion of 

re duc ing tem per a ture bi ases. Pre cip i ta tion in creases from

0.58 to about 0.7 mm day-1 in South Asia, which is closer to

the ob ser va tion by an or der of 0.93 mm day-1. Also, the high

pre cip i ta tion bias of south ern China is partly re duced,

though it is still too large com pared to the ob ser va tion.

3.3 Dif fer ences in Sur face En ergy Bal ance
Components

Since changes in each sur face en ergy bal ance com po -

nent (as well as cir cu la tion in sec tion 3.4) ex hibit a sim i lar

spa tial dis tri bu tion in MODIS, ReDVM, and SiDVM, we

only pres ent the dif fer ence field be tween MODIS and CTL

in the fol low ing anal y sis. We fo cus our dis cus sions on win -

ter and early spring since dif fer ences in sum mer sur face cli -

mate are less sig nif i cant. So lar ra di a tion drives sur face en -

ergy bal ance by con trol ling sur face avail able en ergy. LAI

changes in flu ence down ward so lar ra di a tion mostly via clouds,

and up ward so lar ra di a tion via sur face albedo. Mean while,

LAI changes also mod ify the par ti tion ing of sur face avail -

able energy into sen si ble heat, la tent heat, ground heat and

snow melt heat. Fig ure 6 shows that net so lar ra di a tion

changes are gen er ally larger than net longwave ra di a tion

changes and dom i nate net ra di a tion dif fer ences. Note that

emit ted long wave ra di a tion, which de pends on ground or

skin tem per a ture, dom i nates change in net long wave ra di a -

tion. Its change tends to damp the re sponse of sur face air

tem per a ture to LAI change. There are sig nif i cant changes in

win ter and early spring ra di a tion and heat fluxes over sev -

eral hot spots. Over north ern Asia and south ern China, sen si -

ble heat is in stron ger re sponse to the large in crease in net so -

lar ra di a tion than la tent heat, lead ing to in creased sur face air

tem per a ture. In con trast dra mat i cally in creased evapotran -

spiration cools sur face air tem per a ture over South Asia.

Ta bles 3, 4, 5, and 6 show re gional mean dif fer ences of

sur face en ergy bal ance com po nents and LAI in win ter and

early spring over the lands, North east China and ad ja cent

areas, south ern China, and South Asia, re spec tively. Over

the lands, the dom i nant ef fects of in creased LAI are a large

de crease in up ward so lar ra di a tion, as so ci ated with an in -

crease in la tent heat flux mainly con trib uted by in creased
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Fig. 4. Daily tem per a ture dif fer ences (in °C) av er aged over: (a) the

lands (63 - 147°E, 15 - 60°N); (b) North east China and ad ja cent ar eas

(110 - 130°E, 40 - 55°N); (c) south ern China (105 - 120°E, 22 - 28°N);

and (d) South Asia (78 - 102°E, 20 - 25°N).

(a)

(b)

(c)

(d)
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Fig. 5. Same as Fig. 3 but for pre cip i ta tion (in mm day-1).

(c)(c)

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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Fig. 6. Dif fer ences in Jan u ary-to-March sur face en ergy bal ance com po nents (in W m-2) be tween MODIS and CTL: (a) Net so lar ra di a tion; (b) Net

longwave ra di a tion; (c) sen si ble heat; (d) la tent heat; (e) snow melt heat; and (f) ground heat.

(a) (b)

(c) (d)

(e) (f)
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can opy tran spi ra tion over South Asia. These changes re -

flect that LAI al ters sur face en ergy bal ance mainly th rough

the ef fects on sur face albedo and stomatal con duc tance on 

a con ti nen tal ba sis. How ever, the rel a tive im por tance of

the pro cesses af fected by LAI changes in in flu enc ing sur -

face air tem per a ture and pre cip i ta tion is dif fer ent be tween 

re gions.

North east China and ad ja cent ar eas, which are mainly

cov ered by cold grass and for est, have small LAI val ues and

some snow cover in win ter and early spring. As de scribed by 

Buermann et al. (2001), the sur face albedo of sparsely ve -

getated ar eas (LAI < 1) may be sen si tive to LAI changes;

the frac tion of can opy cov ered by snow is di rectly in flu -

enced by LAI changes in snow-cov ered sur face. Con se -

quently, the in creased LAI (> 60%) re duces re flec tion and

up ward so lar ra di a tion with an ex cess of 15 W m-2, and then

in creases net ra di a tion over North east China and ad ja cent

ar eas (Ta ble 4). On the other hand, LAI changes only re sult

in a small in crease in la tent heat due to rel a tively low tem -

per a ture. The in creased ra di a tion is largely par ti tioned into

sen si ble heat with a mean in crease of > 110%. The cold bi ases 

are there fore re duced in this re gion.

A sig nif i cant in crease in down ward so lar ra di a tion at -

trib ut ing to de creased cloud amount dom i nates the net ra -

diation change over south ern China (Ta ble 5). The increased 

net ra di a tion causes a larger in crease in sen si ble heat than

that in la tent heat, there fore warm ing near-sur face at mo -

sphere and re duc ing the cold model bias. Al though the

change in la tent heat is rel a tively small, the con tri bu tion of

can opy tran spiration, can opy evap o ra tion and ground eva -

pora tion is sig nif i cantly dif fer ent. With in creased LAI,

can opy tran spi ra tion and evap o ra tion in crease while ground

evap o ra tion de creases.

Over South Asia, in creased can opy tran spi ra tion dom i -

nates changes in sur face en ergy bal ance (Ta ble 6). Con se -

quently, less en ergy is par ti tioned into sen si ble heat, and

surface air tem per a ture is there fore cooled about 1.5°C.

Furthermore, the re duc tion of emit ted longwave ra di a tion is

larger in mag ni tude than changes in so lar ra di a tion terms,

and tends to damp the de crease in sur face air tem per a ture.

Changes in sur face albedo and clouds are found to play a

lim ited role in sur face en ergy bal ance dif fer ence. How ever,

in creased clouds bring more pre cip i ta tion and help im prove

the pre cip i ta tion bias.

3.4 Cir cu la tion Changes

LAI changes mod ify sur face en ergy and wa ter bal ance,

and then at mo spheric con di tions through land-at mo sphere

in ter ac tions, which in turn in flu ence sur face cli mate and

LAI. In win ter and early spring when large-scale pro cesses

are im por tant, pre cip i ta tion and tem per a ture differences are

closely re lated to the re sponses of at mo spheric mois ture and

cir cu la tion. To ex am ine their changes, Figs. 7 and 8 pres ent

dif fer ences be tween MODIS and CTL in the 500-hPa geo -

potential height, and 850-hPa wind vec tors and mix ing ra tio, 

re spec tively. The anom a lous an ti cy clone as so ci ated with the 

low geopotential height anom aly over South Asia pro vides

fa vor able con di tions for at mo spheric mois ture to be tran -

sported into this re gion. To gether with in creased lo cal
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Fig. 7. Same as Fig. 6 but for 500-hPa geopotential height (in gpm).



evapotranspiration, they en hance win ter and early spring

clouds and pre cip i ta tion. In con trast, the mix ing ra tio drops

over south ern China mainly be cause the de crease in at mo -

spheric mois ture trans ported from the re mote re gions ex -

ceeds the in crease in lo cal evapotranspiration. Clouds and

pre cip i ta tion there fore de crease. Over North east China and

ad ja cent ar eas, a higher geopotential height tends to slightly

weaken the west erly, and there fore leads to a de crease in

down ward so lar ra di a tion through the ef fects on cloud

amounts. How ever, the con tri bu tion of down ward so lar ra -

diation change to dif fer ences in net ra di a tion is rel a tively

small as com pared to change in up ward so lar ra di a tion.

In sum mer, an im por tant ef fect of de creased LAI is to

dry the air over the arid to semi-arid band ex tend ing from

North east China to West China, which re duces pre cip i ta tion

and there fore slightly im proves the model per for mance. The

anom a lous cy clone and de creased at mo spheric mois ture

tend to sup port a de crease in pre cip i ta tion over this band

(not shown).

4. CON CLU SION AND DIS CUS SION

This study eval u ates the role of the im ple men ta tion of

MODIS LAI and veg e ta tion in ter ac tion schemes in re gional

cli mate sim u la tions with the SNU-RCM. We fo cus on Asia,

where the cli mate sys tem is known to be ex tremely sen si tive

to eco log i cal per tur ba tions (Fu and Wen 1999).

The re sults show that MODIS LAI and veg e ta tion in ter -

ac tions warm North east China and ad ja cent ar eas, Ko rea,

Japan and south ern China, and re duce the tem per a ture over

South Asia in win ter and early spring. Such dif fer ences in

tem per a ture, at trib ut able to the higher LAI val ues of MODIS

or pre dicted by veg e ta tion dy nam ics, re duce or elim i nate

some model bi ases. The pre cip i ta tion over south ern China

and South Asia is also better sim u lated in win ter and early

spring. Veg e ta tion in ter ac tions are found to en hance tem -

perature and pre cip i ta tion sim u la tions to a cer tain ex tent as

com pared to pre scribed MODIS LAI. Pos si bly due to small

per cent age changes in LAI, the im prove ment in sur face cli -

mate sim u la tion is gen er ally in vis i ble in sum mer ex cept for

some ar eas.

Gen er ally a change in LAI can mod u late sur face en ergy

and wa ter bal ances mainly via re flec tion and evapo tran -

spiration, and then trig ger re sponses of other phys i cal and

dy nam i cal pro cesses. How ever, the rel a tive im por tance of

these pro cesses in win ter and early spring is found to be

different be tween re gions. Sur face warm ing of North east

China and ad ja cent ar eas is mostly at trib uted to di rect dark -

en ing ef fects of LAI on upward so lar ra di a tion. In creased

LAI re duces the at mo spheric mois ture trans ferred into

south ern China re ly ing on the ef fects on cir cu la tion. As a re -

sult, clouds and pre ci pitation de crease. The re duc tion in

clouds al lows more solar ra di a tion to reach the sur face, and

dom i nates the change in sur face avail able en ergy. Sub se -

quently, more sensible heat is re leased to warm near-sur -

face at mo sphere. Over South Asia, in creased evapotran -

spiration is dom i nant in changes in sur face en ergy bal ance,

and en hances pre cipitation via the com bined ef fects on lo -
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Fig. 8. Same as Fig. 6 but for 850-hPa wind vec tors (in m s-1) and mixing ra tio (in g kg-1).



cal wa ter re cy cling and at mo spheric cir cu la tion. It also

damps sur face sen si ble heat ex change, and re duces sur face

air tem per a ture.

The re sults of the study have im pli ca tions for RCM

simulation study of the Asian cli mate. Firstly, the study

shows that the sim u lated near-sur face cli mate is im proved

by the in tro duc tion of MODIS LAI, es pe cially over sev eral

hotspots. This sug gests a need to in clude a re al is tic de -

scription of plant phenology in cur rent RCM sim u la tions of

Asian cli mate. Sec ondly, we pro vide two sim ple veg e ta tion

in ter ac tion schemes based on sat el lite ob ser va tion to re -

present pho no log i cal vari abil ity of LAI. They show the

use fulness in sim u lat ing the re sponses of LAI to sea sonal

variations in cli mate over Asia. Thirdly, ob ser va tional ev i -

dence showed that north ern veg e ta tion gen er ally in creased

with sur face warm ing in re cent de cades (e.g., Zhou et al.

2001), and the two sim ple veg e ta tion in ter ac tion schemes do 

sim u late in creased LAI on an an nual, re gional mean ba sis in

response to ab nor mal high tem per a ture dur ing 1998 as com -

pared to MODIS LAI cli ma tol ogy. This im plies that the

implementation of in ter ac tive veg e ta tion in a RCM is im -

portant for dy nam i cally downscaling global cli mate change

pro jec tions.

Mean while, there are sev eral lim i ta tions that leave room 

for fur ther im prove ment. In this study we use the tem -

perature to pre dict sea sonal changes in LAI, but pre ci -

pitation and ra di a tion also have an im por tant im pact on

vegetation ac tiv ity over some ar eas of Asia (Nemani et al.

2003). The in clu sion of these two im por tant cli mate forcings 

in model rep re sen ta tion of LAI phenology in a fu ture study

is ex pected to add value in sim u lat ing near-sur face cli mate

over some ar eas. More over, we fo cus on nat u ral in ter ac tions

be tween veg e ta tion and cli mate. How ever, land use in duced

by hu man ac tiv i ties def i nitely reg u lates cli mate at a va ri ety

of timescales and is be com ing a force of global im por tance

(Foley et al. 2005). This is sue de serves fur ther in ves ti ga tion. 

Fi nally, there is gen er ally more model un cer tainty with re -

gard to pre cip i ta tion simulations than tem per a ture sim u la -

tions. One de cade or lon ger sim u la tions in the fu ture may en -

able us to es tab lish firmer con clu sions re gard ing LAI ef fects

on pre cip i ta tion.

Nev er the less, our re sults il lus trate the sub stan tial role of 

ac cu rate treat ment of veg e ta tion pa ram e ters in sim u lat ing

Asian cli mate, and the po ten tial ben e fits of veg e ta tion in ter -

ac tion in im prov ing sea sonal tem per a ture and pre cip i ta tion

fore casts. This sug gests that im proved mon i tor ing of ve -

getation, soil mois ture, and land sur face fluxes over Asia is

highly de sir able in the fu ture.
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