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6S Second Simulation of the Satellite Signal in the Solar
Spectrum,
Vermote et al. [1997]

Al Aerosol Index, Herman et al. [19973a]

TOMS
AOT Aerosol Optical Thickness,
AVHRR Advanced Very High Resolution Radiometer, NOAA

NOAA
5
BOREAS Boreal Ecosystem-Atmosphere Study,
CASA Carnegie Ames Stanford Approach model, Potter et al.
[1993] NPP
EOS Earth Observing System, NASA
GAC Global Area Coverage, NOAA  AVHRR
(4km )
gC :
GPP Gross Primary Production,
(gC/m?/year)
IDW Inverse Distance Weighting
IPCC Intergovernmental Panel on Climate Change,
JICA Japan International Corporation Agency,
LAI Leaf Area Index,
(m?/m?)
MODIS Moderate Resolution Imaging Spectroradiometer, NASA
Terra Aqua

NASA National Aeronautics and Space Administration
NCAR National Center for Atmospheric Research
NCDC National Climatic Data Center

NCEP National Center for Environmental Prediction




NDVI Normalized Difference Vegetation Index,

NOAA National Oceanic and Atmospheric Administration
NPP Net Primary Production, ,

(gC/m?/year)
Orthogonal Plane Principal Plane
PAL Pathfinder Advanced Very High Resolution Radiometer

Land Data Set, NASA Pathfinder
NOAA/AVHRR
PAR Photosynthetically Active Radiation, ,
400-700nm
(MJ/m?/day)
Principal Plane
SCAR-B Smoke, Clouds, and Radiation-Brazil, 1995
SLA Specific Leaf Area, ,
(m?/KgC)
SMAC Simplified Method for Atmospheric Corrections, Rahman
et al. [1994]
SPOT Satellite Probatoire d'Observation de la Terre,
TOMS Total Ozone Mapping Spectrometer,
VEGETATION SPOT
VPD Vapor Pressure Deficit, ,
T €sar(7)
e (hPa)

WMO World Meteorological Organization,
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Aerosol Optical Thickness, AOT

Aerosol Index, Herman et al. [19974]
TOMS

Photosynthetically Active Radiation, PAR,
400-700nm
(MJ/m?/day)

0.5-5.0

Net Primary Production, NPP, ,

(gC/m?/year)

Normalized Difference Vegetation Index, NDVI

Gross Primary Production,

(gC/m?/year)
Specific Leaf Area, SLA,
(m?/kgC)

€et(7) e VPD
(hPa)
Leaf Area Index, LAI

(m?/m?)




Sl

IPCC [2001]
PAR  (MJ/m?/day)=10° (J/m?/day)
NPP"? (gC/m?/year)
NPP*2 (PgClyear)=10* (gCl/year)
LAI (m?/ m?)
VPD (hPa)=10? (Pa)
nm=10"°m
10
n 10°°
h 102
M 10°
G 10°
P 10%°
"L NPP gC
"2 NPP (GtC
)  (PgC ) IPCC [2001]
(PgC)
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11

(Photosynthetically Active Radiation, PAR) ™%
(Net Primary Production, NPP) %2
1-3) PAR

1.1.1
PAR NPP
[Intergovernmental Panel on Climate Change (IPCC),
2001] PAR NPP
PAR ( ) NPP
(1)

Stanhill and Cohen [2001] World Meteorological Organization (WM O)

50 0.27 (Y%lyear)
NPP

-1 Photosynthetically Active Radiation, , 400-700nm
(MJ/m?/day=10%J/m?/day)
12) Net primary production, NPP, ,
(gC/m?/year )
1-3)



(2)
(1) NPP
Chameides et al. [1999] Cohan et al. [2002]
10% NPP
(3)

NPP
[Roderick et al., 2001; Gu et al., 2003; Farquhar and Roderick,
2003; Reichenau and Esser, 2003 ]
PAR
Gu et al. [2003]
1992 NPP  23%

(4)
PAR
PAR
[Tang et al., 1996; Davis and Unam, 1999]
NPP (Figure 1.1)
NPP
NPP
1.1.2
Figure 1.2 1997 2002

Figure 1.2



Figure 1.2
(1)
1980 1994 1997
1998 2002 JICA [2001] 1997 1998
8.07x 10* (km?)
Page et al. [2002] van der Werf et al. [2004]

0.81-2.57 [PgC], 1.34+ 0.67 [PgC]
6 PgC 13-40%

Figure 1.3 Nichol [1997] ( ) Radojevic [2003] ( )
1994 1997 1998 (1.1.3 )
1997 199 1998 1998
[Mori, 2000] [Yadav et al., 2003] 2
2-4
2002 1998
Figure 1.3

[Legg and Laumonier, 1999; Wooster, and Strub, 2002]

[Siegert et al., 2001]

2-3
[Giri and Shrestha, 2000] [ , 1989; ,
1996] [1996]
20
[Hsu et al., 2003]
(2)

1997



[Gras et al., 1999; Nakajima et
al., 1999; Sawa et al., 1999; Tsutsumi et al., 1999; von-Hoyningen-Huene et al., 1999; Koe et

al., 2001]
Nakajima et al. [1999] von Hoyningen-Huene et al. [1999] 1997

Nakajima et al. [1999]

500nm 2
0.9 von Hoyningen-Huene et al. [1999]
Nakajima et al. [1999]
0.9 von Hoyningen-Huene et al.

[1999] Koe et al. [2001]

2-2.5km 1.3km
1000-2000m
Figure 1.4
(Kuching) 1997 1-12
(MJ/m?/day) ( Malaysian Meteorological Service )
1997 9-11 9
1993-2001 6
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Figure 1.1. Map showing the location of study area (90N-120E, 20N-10S), general
topography, country borders, and coastal lines. Surface elevation data:
GTOPO30, coastal line: Digital Chart of World.

Figure 1.2. Satellite images of hazy days in Southeast Asia. Left image was acquired from
NOAA/AVHRR in September 22, 1997 and right image was acquired from
Terra/MODIS in April 5, 2002.
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Figure 1.3. Haze-affected areas of the 1994, 1997, 1998 forest fires in Indonesia and
Malaysia. Triangles in the right figure show the hot spots of the forest fires.
(Left: after Nichol [1997], Right: after Radojevic [2003])

—a— 1997
—e— Average (1993-2001)

Solar radiation (M m2/day)
=

Figure 1.4. Seasonal variations in total solar radiation in Kuching, Malaysia (1.48N,
110.33E). Opened rectangles: 1997, Closed circles: 1993-2001 averages.

(Data were provided by Malaysian Meteorological Service.)



1.1.3

1.11 1.1.2 PAR ( )

NPP
NPP
(Tang et al., [1996]; Nichol [1997]; Davis and Unam [1999]; JICA

[2001]) NPP Nichol
[1997] Tang et al., [1996]
(1) Nichol [1997]

Nichol [1997] 1994

1994 3
NPP  3-4 3
FAO [1995] 2-3%

NOAA/AVHRR (National Oceanic Atmospheric Administration/ Advanced Very High
Resolution Radiometer)
Figure 1.3 1.5x 10° (km?)
3 2.5% NPP
1994 NPP 0.036 (PgClyear)

(2)

PAR
(Tang et al., [1996]; Davis and Unam [1999]; Toma
et al., [2000]; Ishida et al. [2000])
Tang et al. [1996] Pasoh PAR

(
) (Figure 1.5)



PAR 50%
Davis
and Unam [1999] 1997
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NPP
NPP

NPP
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Figure 1.5. Daily net photosynthesis of upper and understory leaves in clear and hazy day.

(After Tang et al., [1996])



1.1.4
1.1.3 NPP NPP
NPP
NPP
(1) NPP
NPP 17 [Cramer et al., 1999]
NPP [Potter et al., 1993;

Ruimy and Saugier, 1994; Field et al., 1995; Ruimy et al., 1996; Prince and Goward, 1995;
Goetz et al., 1999; Running et al., 1999; etc.]

(Leaf Area Index, LAI) '
NPP

PAR ( )

2) NPP

NPP PAR
NPP PAR
[Kalnay et al., 1996; Kistler et al., 2001; etc]
[Gautier et al., 1980; Pinker and Ewing, 1985;
Bishop and Rossow, 1991; Eck and Dye, 1991; Pinker and Laszlo, 1992; Gu and Smith, 1997;
Tanahashi et al., 2000; etc] PAR
Figure 1.6
PAR

Figure 1.6 LAI
Potter et al. [2001]

-4 (Leaf Area Index, LAI)
(m?/m?)
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Figure 1.6. Schematics of two remained technical issues for satellite-based NPP estimation

in haze-affected areas. Left: PAR reduction by haze. Previous studies have not
considered the haze impact on the PAR reduction. Right: Satellite observation of
vegetation. The presence of haze prevents from estimating LAl from satellite;

however, this issue has not been discussed precisely in the previous studies.
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1.2

1.2.1
1.1
PAR
NPP 1.1.4
NPP PAR LAI
PAR
LAI
NPP NPP
NPP O
0 NPP NPP
NPP
1.2.2
Figure 1.1 (20N-10S, 90E-120E)
20
1997 1 2002 12
3 1997 1998 2002 (Figure 1.3)
1997
NPP “ ”
1994
1994 NOAA/AVHRR

TOMS Total Ozone Mapping Spectrometer
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Figure 1.7
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Figure 1.7. General climate conditions from 1996 to 2002 in typical sites in Southeast Asia.

Monthly rainfall and mean temperature data were acquired from NOAA/NCDC

(NOAA [2002]).
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2.2
2.3
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2.1
1 Photosynthetically Active Radiation; PAR
NPP
PAR NPP [Pinker
and Ewing, 1985; Frouin et al., 1989, 1995; Eck and Dye, 1991; Pinker and Laszlo, 1992; Gu
and Smith, 1997] National Center for Environmental Prediction/ National Center for
Atmospheric Research (NCEP/NCAR) [Kalney et al., 1996; Kistler et al., 2001]
[Running et al., 1999]
PAR
Gu and Smith [1997] - (Boreal
Ecosystem-Atmosphere Study, BOREAS) PAR
2-1)
PAR
PAR
PAR
Herman et al. [19974] TOMS

Total Ozone Mapping Spectrometer

(Aerosol Index, Al) %2

Torres et al. [1998; 2002] TOMS

PAR
PAR [Kobayashi et al., 2004]
z1 T= j Epdz E (1/kg), p(kg/m3)
z
t=1
l/e
2-2) Al
Al=-10010d10[ (1331/1360) meas] + 1001 0910[ (1 331/1360) caic]
(1331/1360) meas TOMS 331nm 360nm
(W/m2/str/ um) (1331/1360) catc
TOMS
331nm 360nm Herman et al., [19973]
Al
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PAR
2.3 PAR
PAR

PAR
PAR (MJ/m?/day)

PAR

2.4

PAR
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2.2
PAR
PAR
PAR
PAR
PAR
2.2.1
PAR
PAR

PAR (PAR;hst)

PAR (W /m?) = [ Rady,, T, T,d2  (2.1)
Ra.dTOA;L A W/m2/nm Ta A

T, Py
[Frouin et al., 1989; Pinker and Laszlo, 1992; Gu and Smith, 1997]
2.1 2.2 PAR
75 5km T.=1 2.1
1%

PARnst = PARTOA,instTgTraTc (2'2)

PARToA inst 400-700nm W/m?
Tgy Trar T 400-700nm
400-700nm 400-700nm
PAR MJ/m?/day 2.2
PAR= [ PAR g, o T, T, Tt 2.3
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2.3 PAR

PAR

PAR(MJ /m? / day) = PAR,,T. T..T

2.5

2.2.2
(a) (To)
400-700nm
PAR
PAR Ty Frouin et al. [1989]
Tg
Tg
Frouin et al. [1989] Ty
Globerg and Klein [1980]
TQ
* \bo
Tg :exp(—ao(Uom ) )
a,, be Frouin et al. [1989]
(atm-cm) m*
mass) m*

wer{ta)
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(2.4)

2.5

(2.4)

Frouin

Uy, Mm*

TOMS

PAR

et al. [1989]

(m)

(effective air



p Po Om
1013.25 (hPa) p  1km GTOPO30
m (2.7)
Klein [1980]

_ 2
m=a, +a,m, +a,m;

2.7
m. =
n Cos(enoon)
ao, a1, Q2 Goldberg and Klein [1980]
(b) (Tra)
Tia
400-700nm
et al. [1999]
2
2 Tra
400-700nm 550nm
Tra

PAR Lambert
Tra

T, = exp{— (a+brg, )m }>< (1+ RS+(RS)? + (RSS)3...)

(2.8)

T o exp{— (a+ brsso)my

ra 1-RS)

-22-
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S=cl n(T550+ 1)

Rs 400-700nm ( 0.1 ) a, b,
c S
a b, ¢ , 6S [Vermote et al., 1997]
2.8
6S
6S
23 (9=0.97)
Nakajima et al., [1999], von-Hoyningen et al., [1999] @=0.90
Table 2.1
. T550=0.4'6.8,
T550=0.06-0.7, Hnoon =0-45° (
6S )

Table 2.1. Aerosol type dependent model coefficients determined by regression analysis

using 6S.
Haze Continental
a 0.0287 0.0390
b 0.331 0.217
c 1.99 0.0100
2-3) o=S/E s E(=S+K)
(K ) ® 0
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(c) (Te)

T Eck and Dye [1991]

Eck and Dye [1991], Krotkov et al. [2001] Te.

Eck and Dye [1991] T TOMS
Lambert equivalent reflectivity, LER
5%
Eck and Dye [1991] T,

Te=(1-Rsys)/(1-Ruys)
:(1'Ruv)/(1'Ruvs)

Rsys -
EarthProbe/TOMS 360nm
1998] 2.9 T. Rsys Ruv
al. [2001] Ruv
TOMS Riv  Rsys
RLIV TC
T. PAR
Tc_
2.9

Krotkov et al., [2001]

(2.9)
Ruv TOMS
[MacPeters et al.,
Krotov et
Rsys

[Hsu et al., 2003]

[Koe et al., 2001]

- Ruvsa 2.9
Te =(1-Ruy)/(1-Ryvsa) (2.10)
Ruvsa -
0.02-0.08 [MacKenzie and Kotkamp, 1996]

=24 -

[King et al., 1991]

Figure 2.1



Ruvsa
Ruvsa = Ruva + Tuvad Tuvau Ruvs (2-11)
(2-1 ) Ruva Tuvad Tuvau
Ruvs Tuvady Tuvau
Figure 2.2 (a), (b) 360nm (t360) Ruva Tuvad
Tuvau 6S 0-50
Ruva T360 0.3-0.35 Tuvad
Tuvau  T360 0.2 T360 Ruva Tuvad Tuvau
Figure 2.3 (a), (b) T360
(X= 2'350/COS( 0)) Ruva Tuvad Tuvau
X F'2uva Tuvad Tuvau
Ruva Tuvad Tuvau 3

Ruva=-0.00285+0.0744x-0.0107x*+0.000532x> (R?=0.998) (2.12)
Tuvad Tuvau=0.998-0.454x+ 0.0756x%-0.00430x°> (R?=0.996) (2.13)

0 7360
Ruwa  Tuvad Tuvau 2.12 2.13 7360
(2.12), (2.13) (2.11) Ruvsa

7360 Ruvsa 0.01

[Hsu et al., 2003]
18
Figure 2.4

1-2km

Te
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Cloud
Ruvsa Haze layer
Ruvsa
AL
I N

va uvad Ruvs uvau

Haze layer

Surface

Figure 2.1. Reflectance and transmittance between cloud and haze (smoke) layers.
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Figure 2.2. Reflectance and transmittance of the haze layer as a function of 3¢9 calculated
by 6S radiative transfer model. (a) reflectance of haze layer, (b) transmittance of

haze leyer. 6: solar zenith angle at satelite observation time.
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Figure 2.3. Reflectance and transmittance of the haze layer as a function of x=1340/c0S(0)
calculated by 6S radiative transfer model. (a) reflectance of haze layer, (b)

transmittance of haze leyer. @ : solar zenith angle at satelite observation time.
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1 Wind Direction R
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Vietnam
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Figure 2.4. Schematics of smoke and cloud elevations in northern Vietnam.
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2.3
2.2 PAR PAR 550nm  360nm
(7550, 7360)
7360: T 550
2.3.1
Herman et al. [19973]
Al Al
Al Hsu et al., [1999]
2
TOMS Al
Al
7380=B1A|+ Bz (O<A|<30) 2.14
B1, B2 (o)
(@)
0.9 [Nakajima et al., 1999; von Hoyningen-Huene et al., 1999]
2-3km [von Hoyningen-Huene et al., 1999; Koe
et al., 2001] Schafer et al. [2002]
(w) 0.89-0.91 Andreae et al. [1988]
1.5-3.0km
(2.14) B1, B2 Hsu et al., [1999] (B1=1.25,
B,=0.71)
Figure 2.5 (2.16) (73g0) Nakajima et al., [1999]
(7380)

(2.14) 380nm
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24 [Angstrom, 1961] 360nm  550nm
1.0 [Nakajima et al., 1999]

550

T360=1.32A|+0.749 2.15
7550=0.864A1+0.491 2.16

(2.15) (2.16) 7360 7550

2-4) 2
T2 A2

-30-

7360, T

Ta1= Taa(ha/hp) ™



T 380

RMEE=0.61
] TN T N T TN T O BT I O O

il 1 2 3 4 5
Aerosol Index

Figure 2.5. The relationship between 33, and Aerosol Index (Al). Closed triangles indicate
the relation between daily mean ground observed 1330 by Nakajima et al. [1999]
and Al. The regression line obtained by Hsu et al. [1999] is also indicate in the

figure.
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2.3.2

Atmospheric Administration (NOAA)

National

National Climatic Data Center (NCDC)

Global Surface Summary of Day [NOAA, 2002]

(V)

Figure 2.6
220
Vermote et al. [1997]

7360

Nakajima et al.

[Vermote et al., 1997] 550nm

T550=2.76V 08 (2.17)
7550 7550
(2.17)
5km (2.17)
5km
7550
, [1999] 0.3
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Figure 2.6. Locations of ground meteorological stations in Southeasta Asia.
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2.4
2.4.1
Figure 2.7
1996 8
Table 2.2  Earth Probe/TOMS

(Table 2.2 band 4-band 6)

(UV reflectivity) Al

UV-A (Table 2.2

PAR
R Al
Earth Probe/TOMS
Earth Probe/TOMS UVv-B
band 1-band 3)
Al [Eck et al., 1987;
1.25

Herman and Celarier

1978-93

30

Earth Probe/TOMS
0.25 (atm-cm)
+ 30%
[Tsutsumi et al., 1999 ; Liu et

Earth Probe/TOMS level-3
Herman et al., 1997a; MacPeter et al., 1998]
x 1.0°
0.1x 0.1° bilinear
(2.11)
[1997b] Ruvs
Nimbus-7//TOMS Ruv
GTOPO30
(2.5) U,
[http://toms.gsfc.nasa.gov/ozone/ozone.html]
PAR
PAR 1%
al., 1999] + 30%

PAR



Table 2.2. Senser characteristics of Earth Probe/TOMS.

Satellite Altitude

FOV at Nadir

Equator crossing time

740 (km)
39 (km)

11:50

360.0+/-0.2 (nm)
331.2+/-0.1 (nm)
322.3+/-0.1 (nm)
317.5+/-0.1 (nm)
312.5+/-0.1 (nm)
308.6+/-0.1 (nm)

1nm

Bandl
Band2
Band3
Band4
Band5
Band6
Bandwidth
* FOV:
2.4.2
Figure 2.7
PAR
50%
Ta T¢ Table 2.1
Table 2.1
Al1>=0.3
Al=0.3 (2.16)
500nm
Al>=0.3
Hsu et al. [1999]
Al 0.3
Al
Al>=0.3
0.3
(MJ/m?/day)
PAR

Al

7550

0.82
500nm

Al<0.3

0.3

0.1°

-35-

Instantaneous field of view of the sensor.

PAR
Al
Al
0.3 2 1
0.75
Nakajima et al. [1999]
0.4
50% 2
Al
0.8 (MJm?/day)
Al 0.3
Al 0.3
PAR 0.8



Calculation flow Input data

Day of year
Latitude
Solar constant=1365 (W/m2)

Calculation of monthly PAR
at the top of atmosphere

Solar zenith angle at noon
GTOPO30
Ozone amount = 0.25 (atm cm)

Calculation of effective air mass
and Tg

{ Monthly Al

Al-based AOT

{ UV reflectivity

UV surface reflectivity

. (from Herman and Celarier, 1997b)

Smoke aer osol case
1. Calculation of monthly Tra
2. Calculation of monthly Tc

Visibility-based AOT

{ UV reflectivity

UV surface reflectivity

. (from Herman and Celarier, 1997b)

Continental aerosol case
1. Calculation of monthly Tra
2. Calculation of monthly Tc

PAR estimation I

Figure 2.7. Proposed satellite-based PAR estimation flow and input parameters.

All calculation in this flow was performed for pixel-by-pixel.
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2.5
25.1
6S PAR
6S PAR
6S 30
2.5nm
2.1
( T550=0.4'6.8
7550=0.06-0.7) (6hoon=0.0, 22.5, 45.0° )
PAR
PAR (PARratio)
0.47-0.48 [Ba er and Frouin, 1987; Pinker and Laszlo, 1992; Frouin and Pinker,
1995] Schafer et al. [2002] PARatio
Ta40 2.5 0.40
I:)ARratio
PARatio =0.47-0.0357550 (2.18)
Ts50 (2.16) 2.18 Schafer et al. [2002]
Ts50 + 0.02 (=0.26 MJ/m?/day)
+ 0.01 (=0.18 MJ/m?/day)
(Malaysian
Meteorological Service) 8 1997 1
1999 12 1998 1
1999 12
3
475 Figure 2.8
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NCEP/NCAR (
1.88x 1.91° ) Eck and Dye [Eck and Dye, 1991]
PAR
NCEP/NCAR 0.47 PAR
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Figure 2.8. The map showing the locations of the ground-based global solar radiation

observation sites. (KK: Kota Kinabalu 5.9N 116.05E, KC: Kuching 1.48N
110.33E, ML: Malacca 2.22N 102.25E, SN: Senai 1.63E 103.67E, SB: Subang
3.12N 101.55E, KT: Kuantan 3.78N 103.22E, IP:Ipoh 4.57N 101.10E, AS: Alor
Setar 6.20N 100.40E, PC: Pakchong 14.70N 101.42E, UB: Ubonrachatani
15.25N 104.87E, TF: Tak Fa 15.35N 100.50E, TP: Tha Prha , DM: Doi Musoe
16.33N 102.82E, LP: Lampang 18.30N 99.30E, NN: Nan 18.87N 100.75E, CM:
Chaing Mai 18.90N 99.01E.).
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2.5.2
Figure 2.9 6S
PAR 6S Root mean squire error (RMSE)
0.22 (MJ/m?/day) 0.14
(MJ/m?/day) 2%
Figure 2.9 6S
Hnoon 2
Tra ( (2.8) (2.8) PAR
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Figure 2.9. Comparison of PAR. .y calculated by the present model and the 6S radiative
transfer model. The comparison of the present model and 6S-based PAR calculation
results was performed at various aerosol and 6,0, conditions (0.06-0.7 for
Continental type, 0.4-6.8 for Smoke type, Gn0on for 0.0, 22.5, 45.0 degree, cloud-free
condition). The 6S-based daily PAR was calculated by integrating the instantaneous
PAR with half hour interval during the daytime. (a) continental aerosol case, (b)

smoke haze aerosol case.
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2.5.3
(1) 16
(2) (3)
PAR PAR (4)
(1)
Table 2.3 PAR
RMSE MJ/m?/day Average difference (AD) AD RMSE
Table 2.4 AD  PAR
PAR
Table 2.3 Table 2.4
RMSE 0.75 MJ/m?/day 0.8
M J/m?/day AD RMS 2-6% 10% Table
2.3 RMSE 0.52
M J/m?/day
(RMS 10%) 4 5 NPP
NPP
PAR
[Gu et al., 2001]
AD
AD
AD
2.3.2
[NOAA, 2002]
T550 0.31+ 0.08 0.45+
0.09 PAR 0.5 (MJ/m?/day)
PAR
Table 2.3 NCEP/NCAR NCEP/NCAR
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AD=1.0-1.7 MJ/m?’/day RMSE=1.7-2.0 MJ/m?%day

PAR
Figure 2.10
NCEP/NCAR 1:1
PAR
PAR
NCEP/NCAR
(Figure 2.10 (b)) NCEP/NCAR
PAR
(2)
PAR (Kuching, KC)
(Chiang Mai, CM) PAR
NCEP/NCAR Eck and Dye 4 (Figure
2.11) 1997 8-11
2-4 PAR
PAR
Figure 2.11 PAR
NCEP/NCAR
PAR PAR
Kalney et al. [1996] NCEP/NCAR
PAR
NCEP/NCAR
NPP
Figure 2.11 Eck and Dye Eck and Dye
PAR [Dye and Shibasaki,
1995]
Eck and Dye
Eck and Dye



(3)

PAR

PAR
PAR
PAR PAR
1998 1999 3 PAR
Figure 2.12 PAR
RMSE 1998 1999 0.13  MJ/m?/day
M J/m?/day
1999 82
TOMS
Table 2.5 PAR PAR
PAR 1998 1999
2 PAR 6%
PAR PAR 6%
(4)
PAR
(RMS 10%)
( (2.10)
[King et al., 1998]
[Hsu et al., 2003]
Al Al

0.22



PAR
PAR

[Aoki et al., 2003; Chu et al., 2003]
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Table 2.3. Comparisons between PAR estimation results and ground-based pyranometer data.
The *Average difference’ (MJ/day/m?) indicates site-averaged difference between
estimated PAR and ground data. RMSE (MJ/day/m?) is a root mean square error.

(a) Malaysiain 1997, (b) Malaysiain 1998, (c) Malaysia in 1999.

(a) Malaysia 1997

Site KC KK AS IP SB KT ML SN Averaae

Average This study 0.57 123 -1.03 -0.18 0.27 0.27 -0.13 0.35 0.21
Difference  NCEP/NCAR 3.04 201 075 0.99 145 175 1.10 2.09 1.69
RMSE This study 0.69 134 1.09 035 0.42 0.50 0.42 0.63 0.75
NCEP/NCAR 3.39 208 1.15 122 1.76 199 149 241 2.08

Unit= (MJ/day/m?)
(b) Malaysia 1998

Site KC KK AS IP SB KT ML SN Averaae

Average This study 0.56 128 -1.12 0.15 0.18 0.17 -0.19 0.17 0.16
Difference  NCEP/NCAR 226 277 058 0.90 071 1.25 0.19 1.59 1.29
RMSE This study 0.66 1.36 0.93 0.39 044 048 043 041 0.76
NCEP/NCAR 258 297 054 094 093 141 0.66 1.93 1.73

Unit= (MJ/day/m?)
(c) Malaysia 1999

Site KC KK AS IP SB KT ML SN Averaoe

Average This study 0.50 145 -0.72 0.24 0.29 0.30 0.00 0.36 0.30
Difference  NCEP/NCAR 1.64 266 096 1.22 1.12 1.78 0.69 2.06 1.51
RMSE This study 0.60 146 0.72 0.41 0.40 0.47 0.40 0.49 0.74
NCEP/NCAR 1.70 2.70 1.06 1.20 1.21 189 0.83 212 1.71

Unit= (MJ/day/m?)
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Table 2.3. (Continued) (d) Thailand in 1998, (e) Thailand in 1999.

(d) Thailand 1998

Site DM CM TP UB LP PC NN TF Averaae

Average  This study -0.68 -0.50 -0.11 -0.58 -0.25 -0.53 -0.70 -0.48 -0.46
Difference  NCEP/NCAR 152 1.30 0.68 0.25 155 0.34 1.38 2.48 1.06
M SE This study 081 0.81 0.61 0.63 0.77 0.80 0.88 0.55 0.75

NCEP/NCAR 212 231 173 0.78 255 1.06 2.09 2.69 1.95

Unit= (MJ/day/m?)

(e) Thailand 1999

Site DM CM TP UB LP PC NN TF Averaae

Average  This study 0.53 -0.57 -0.29 -0.65 -0.17 -0.60 0.35 -0.29 -0.26
Difference  NCEP/NCAR  2.09 1.24 071 056 1.67 0.70 2.45 0.83 1.23
M SE This study 081 0.71 0.49 0.79 0.44 0.76 1.49 0.50 0.81

NCEP/NCAR  1.84 173 1.19 1.03 1.98 1.03 3.16 1.31 1.77

Unit= (MJ/day/m?)
Table 2.4. Comparisons between PAR estimation results and ground-based pyranometer data.
Root mean square error (RMSE) and average difference (Avg. diff.) were

calculated using data from all sitesin (a) Malaysia and (b) Thailand.

(a) Malaysia

Avg.diff.  RMSE (MJ/m?/day)

1997 0.21 (2.7%) 0.75 (9.6%)
1998 0.16 (2.0%) 0.76 (9.3%)
1999 0.30 (3.8%) 0.74 (9.2%)
(b) Thailand

Avg.diff. RMSE (MJ/m?day)
1998 -0.46 (5.9%) 0.75 (9.5%)
1999 -0.26 (3.5%) 0.81 (10.9%)
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Figure 2.10. Comparison with ground-based pyranometer data. (a) Proposed method vs
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Chaing Mai (18.90N, 99.01E).
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Figure 2.12. Day-to-day PAR variations induced by smoke variations in March 1998 and
1999 in Chiang Mai, Thailand. Closed diamond: this study, Opened circle: ground

data.
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Table 2.5. Comparisons between Monthly-based PAR and daily-based PAR in Chiang Mai,
Thailand in March.

Ground data PAR from monthly data PAR from daily data
1998 7.54 8.05 7.61
1999 8.31 7.98 8.07

Unit:[MJ/m?/day]

Monthly-based PAR was calculated using monthly-based aerosol and cloud data and daily based PAR

was firstly calculated using daily data, and then monthly averaged.
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2.6
2.2-2.4
(PAR) 2.5
550nm
PAR
10% PAR PAR
[Hsu et al., 2003]
PAR
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3.1
3.2 PAR
3.3
3.4 PAR
3.5
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3.1

PAR
1
PAR
PAR
[Tang et al., 1996; Davis and Unam, 1999; Toma et al., 2000; Ishida et al., 2000] Davis
and Unam [1999] 1997 9 22 27 PAR
PAR 45-92%
Toma et al. [2000] 1998
PAR PAR
PAR
1 PAR
Nichol et al. [1997] Radojevic [2003]
PAR ( )
(Figure 1.3) PAR
NPP PAR
2 PAR (20N-10N,
90E-120E) PAR



3.2 PAR
Figure 3.1-Figure 3.3 1997 1 1999 12
PAR (MJ/m?/day) 2000-2002 PAR

Appendix 1  Figure A-1, A-2, A-3

(1)

= Figure 3.1
Figure 3.3 PAR
1997 8 11 1998 2 4
PAR
PAR (PAR=9-10 (MJ/m?/day))
2000m (Peg. Iran) (
Figure 1.1 )
2000mm 2000mm
[ , 1983] PAR
(2)
1-5 PAR  7-11 (MJ/m?/day)
4-5 PAR
3 PAR (PAR~7 (MJ/m?/day))
(PAR~10 (MJ/m?/day))
6-12 PAR
1997-1999 1998 7 8 PAR 7
(MJ/m?/day)
1998 7 8 PAR
(Chao Phraya) (Mekong) (Khorat Phateau)
Figure 3.4
(Ubonrachatani) 1998 7 8
1997 , 1998 2002 PAR
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Figure 3.1. Seasonal PAR variationsin 1997 in Southeast Asia.
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Figure 3.2. Seasonal PAR variationsin 1998 in Southeast Asia.
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Figure 3.3. Seasonal PAR variationsin 1999 in Southeast Asia.
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Figure 3.4. Day-to-day variations in total solar radiation in Ubonrachatani, Thailand
(15.25N, 104.86E). (Data sources: Aoki, Komori, and Boonyawat, personal

communication)
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3.3
PAR PAR
3.3.1 PAR
Figure 3.1, Figure 3.2 PAR 1997 8-11
PAR 1998 2-4
PAR
Table 3.1 PAR 7-8 (MJm?day) 1997 9 1998 3
2002 9 PAR (%)
1997 9 42-75% 2 2.3 (2.16)
(Ts50) Figure 3.4
Ts50 4.0 ( 0.3-0.4 )

1998 3 3.0 2002 9 2.5

Table 3.1. PAR reduction rate in Central Kalimantan

An amount of PAR reduction PAR reduction rate (%)
(MJ/m?/dav)

September, 1997 3-6 42-75

March, 1998 2-4 29-50

September, 2000 1-3 14-38
3.3.2 PAR
(1)

PAR
1997 9 Figure 3.5
NCEP/NCAR 850 ( Pa)
1-2km [von Hoyningen-Huene et al., 1999; Koe et al.,

2001] Figure 3.5 Forest Fire Prevention Management Project 2

[http://ffpmp2.hp.infoseek.co.jp/, JICA, 2001]
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PAR

PAR
2000m (Peg. Iran)

1-2km
(2) PAR

Figure 3.6
1997 , 1998 2002 PAR 20% 50%

20%, 50% PAR
(7.5 (MJ/m?/day))
PAR (20% )
1997
PAR 1997 1998 , 2002
PAR 1997 9 20% 8.8x 10° (km?)
(11.75x 10°km?)  64%

(3) Nichol [1997], Radjevic [2003]

Nichol [1997] 1994

1.5 x 10° (km? (Figure 1.3 )

Radojevic [2003] (Figure 1.3 )

Table 3.2 Nichol [1997], Radojevic [2003]

Radojevic [2003]
Figure 1.3
Radojevic [2003] 1997 1998
PAR 20% 2

Nichol [1997] Radojevic [2003]
PAR NPP

PAR
PAR
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Table 3.2. Comparison of the haze-affected PAR reduction areas.

This study Nichol [1997] Radojevic [2003]

1994 - 15x 10° (km?) 15x 10° (km?)
1997 8.8x 10° (km?) - 17x 10° (km?)
1998 3.3x 10° (km?) - 5x 10° (km?)
2002 1.1x 10° (km?) - -

PAR Figure 3.7

1997

(Sabah) PAR
3.3.3
PAR
1995 8-9

(Smoke, Clouds, and Radiation-Brazil, SCAR-B)

[Kaufman et al., 1998]
1995
PAR
Figure 3.8 Gleason et al. [1998]

(7380) 2.0

11.5x 10° (km?) 2-3
(7550) 1.38
PAR
PAR Figure 3.6 PAR
Figure 3.6 Figure 3.8

Eck et al. [1998]

8-9

PAR

1979

6x 10° (km?)

1.0

20-22%

20%
1997

-62-

7 PAR
20-45%

[Gleason et al., 1998]
380nm
1992

7380 550nm
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Figure 3.8
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Figure 3.5. Average wind directions at 850 (hPa) by NCEP/NCAR reanalysis (left image) and
forest fire hot spots (right image) in September 1997. Hot spot data were acquired
from JICA Forest Fire Prevention Managements Project 2

[http://ffpmp2.hp.infoseek.co.jp/]
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Figure 3.7. Haze-affected areas estimated by the current PAR estimates in 1997, 1998, and

2002. Haze-affected areas were defined that reduction of monthly mean PAR

was over 20% compared with non-hazy month.
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Figure 3.8. Monthly mean area for z3go larger than 2.0 from 1979 to 1992.

(The figure was redrawn from Gleason et al. [1998])
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3.4 PAR

3.2 3.3
PAR
PAR
PAR
(1S 113E)
(1S, 103E) 18N, 98E
100E 2x 2° PAR
PAR PAR PAR
(7s50) T.
Figure3.9, Figure 3.10, Figure 3.11 5
12 PAR T
PAR
3.4.1 PAR
3 PAR
7.4 (MJ/m2/day)
6.3 (MJ/m2/day)
[ , 1983; Hamada et al., 2002]
Te / 0.1
PARtoA PAR
T. PARion PAR PAR
PAR
3.4.2 PAR
2 PAR Te Tss0
3-5 0.9-1.0
0.6-0.7 Ts550
0.4
Te
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1997-2002

(0, 116E)

PARronA

1997 1

T550

7.3 (MJ/m2/day)

Te
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16N,

2002
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Ts50 1.0

0.7-1.1
Ts550
[ , 1996]
Giri and Shrestha [2000] Huay Kha Khaeng
Wildfire Sanctuary (15N, 99E-15.8N-99.47E)
1998
Figure 3.11 1998 Tss50
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Figure 3.9. PAR, Cloud transmittance, and rts50 variations from 1997-2002 in Central
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4.1
4.2
4.3
4.4
4.5
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4.1
(Leaf Area Index, LAI)
NPP
[Sellars et al., 1996; White et al, 2000; etc.] LAI
(NDVI, Normalized Difference Vegetation Index) Y
NDVI
[Asrar et al., 2000; Kogan et al., 2000; Anyamba et al .,
2002] Asrar et al. [2000]
NDVI
Kogan [2000] NDVI Vegetation
Condition Index (VCT) El Nino (1997, 1998 ) La Nina
1999-2000
NDVI NDVI LAI
LAI
LAI [Myneni et
al., 1997; Knyazikhin et al., 1999; ., 1999]
Myneni et al., [1997] NDVI LAI
LAI
Figure 4.1 Myneni et al. [1997] NDVI-LAI
LAI NDVI
NDVI
NDVI
NDVI
[2002] NOAA/AVHRR  PAL
( 4.2 ) NDVI
Figure 4.2 1997 NDVI
1997 8-11
4-1)
NDVI=(pnir—pr)/( P NIR=P R)
P NIR PR NDVI
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NDVI 1985-1999 NDVI 8-11
NPP LAI
NDVI
NDVI LAI Myneni et al. [1997]
NDVI
Al
Myneni et al. [1997] LAI Myneni et al. [1997] Wang
et al. [2001] LAI
NDVI 20%
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Figure 4.1. LAI-NDVI relationships determined by Myneni et al. [1997]. B1: Grasses and

crops, B2: Shrubs, B3: Broadleaf crops, B4: Savannas, B5: Broadleaf forests, B6:

Needl el eaf forests.
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Figure 4.2. Monthly NDVI over Kalimantan Island in 1997 and the average from 1985-1999.

The data acquired in 1991, 1992, 1994 were not included in this analysis

(1991-1992: due to the eruption of Mt. Pinatubo, and 1994: due to lack of satellite

data). In 1997, large depression in NDVI was found in August-November. Error

bars indicate the standard deviations of temporal variationsin NDVI.
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4.2
4.2.1
1997 2002 NOAA/AVHRR Global
Data Coverage (GAC) Pathfinder Advanced Very High Resolution
Radiometer Land Data Set PAL [James and Kalluri, 1994] SPOT/VEGETATION
S10 Table 4.1 PAL
2000 1997-1999
SPOT 1998
1999 1999-2002
PAL
10 NDVI Goode
8
S10 Simplified Method
for Atmospheric Corrections (SMAC) [Rahman et al., 1994]
PAL 10 NDVI
1km

Table 4.1. Sensor characteristics of (a) NOAA-14/AVHRR and (b) SPOT-5/VEGETATION.

(a) NOAA-14/AVHRR

Red channel 0.58-0.58micron

Near Infrared channel 0.725-1.10micron

Equator crossing time 14:00-16:00

Spatial resolution 4.0km (GAC), 1.1km (LAC)
Swath 2700km

(b) SPOT-5/VEGETATION

Red channel 0.61-0.67micron
Near Infrared channel 0.78-0.89micon
Equator crossing time 10:30

Spatial resolution 1.13km

Swath 2250km

* GAC: Global Area Coverage, LAC: Local Area Coverage
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4.2.2
SPOT/VEGETATION
PAL 0.1
NDVI
(1) AVHRR PAL
10 NDVI
Goode Nearest Neighbor 0.1
PAL NDVI
4.3 6S
(7550) [Nakajima et al., 1999, von-Hoyningen-Huene et al., 1999]
0.3 30-45° 0-45°
2
NDVI NDVI Figure 4.3
NDVl correctea=0.85% NDVIpa +0.25 (R=0.986) (4.1)
Figure 4.3
(4.1) RMS 0.02
4.3
PAL
(2) SPOT/VEGETATION S10
PAL 10 NDVI
1km 0.1
Table 4.1 AVHRR (PAL ) SPOT-5/VEGETATION (S10)
2
NDVI AVHRR/PAL SPOT/VEGETATION NDVI

Trishchenko et al. [2002]
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NDVI

1999 NDVI
NDVI
12 NDVI
Figure 4.4 PAL NDVI
SPOT/VEGETATION NDVI

NDVIpa =1.00x NDVlgpor-0.062 R=0.910 (4.2)
(4.2) NDVI RMS 0.06 ( 7.2%)

LAI 18%
SPOT/VEGETATION PAL NDVI LAI
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Figure 4.3. Atmospherically corrected NDVI vs PAL NDVI.

¢ =-D.061958 + 1.0028x R=0.90913
0.9 I I I I 1 1

NDVI{PAL)

02 03 o4 05 06 07 08 09
NIV SPOT)

Figure 4.4. Relationships between NDVIpy. and NDVgpor.
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4.3
NDVI
Al
4.3.1
NDVI -
6S Vermote et al.
[1997] SAIL [Verhoef, 1984]
SAIL
4 LAI
LAI [2000] [2001;
2002a; 2002c] Figure 4.5

ES) psc $ 4:%]%@/3“

G Tl e

* Reyleigh and Aerosol Scattering Single scattering Multlple scatterlng

&
Ozone and Water Absorption

Figure 4.5. Schematics of the radiative transfer simulation and its geometric conditions in

the current study.
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(1)

Table 4.2
NDVI
6S-SAIL NOAA/AVHRR
PAL
NDVI
4.1

(2

Figure 4.6

Figure 4.6 (@) NDVI LAI

NOAA/AVHRR

+ 30% NDVI 0.02

Figure 4.6 (b) (ts50)
NDVI Tss50 NDVI

Ts50
0.3+ 0.1 [Nakajima et al., 1999] NDVI
3
LAI 5.0
1.0 NDVI LAl 3.0
(4.2)
NDVI LAI
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Figure 4.6 (c) View Zenith angle, VZA NDVI
VZA NDVI 2 1
2 2 VZA
VZA
NDVI
VZA
NDVI
Figure 4.6 (¢) 2 VZA
NDVI
Principal Plane Principal Plane

Orthogonal Plane Principal Plane VZA

VZA NDVI 0.1 Barnsley et al.
[1994] NOAA/AVHRR Orthogonal Plane

VZA 0.02 (LAI=0.5) ~0.05 (LAI=7.0)
4.2 NDVI
NDVI
NDVI VZA NDVI
NDVI NDVI
NDVI
NDVI LAl
NDVI NDVI
LAI
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Table 4.2. Atmospheric-canopy system radiative transfer simulation parameters used in this

study.

(a) Atmospheric parameters

Parameter Range
Water vapor 4.12+ 1.24 (g/cm2)
Aerosol 0.01-0.5 (continental type)

1.0-2.0 (haze type)
Ozone 0.245 (atm-cm)

Atmospheric condition Tropical profile

(b) Geometrical conditions

Parameter Range
Solar zenith angle 22, 42 degree
Sensor zenith angle 0, 25, 45 degree
Relative azimuth angle 90 degree

(c) Vegetation canopy parameters

Parameter Range
LAI 0.5-7.0
Red 0.079
L eaf reflectance
NIR 0.4309
) Red 0.073
Leaf transmittance
NIR 0.4296
Leaf angle distribution Spherical
) Red 0.078
Soil reflectance
NIR 0.093

* Myneni et al. [1997]'s data were used for leaf reflectance/transmittance and soil

reflectance.



(a) Water vapor sensitivity (b) Aerosol sensitivity
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Figure 4.6. Simulation results of the NDVI sensitivity analyses. (a) Water vapor sensitivity,
aerosol: continental t550=0.3, SZA=42 degree, VZA=25 degree, relative azimuth angle=90
degree, (b) Aerosol sensitivity: water vapor=4.12 (g/cm?), SZA=42 degree, VZA=25
degree, relative azimuth angle=90 degree, and (c) View zenith angle sensitivity:

continental t550,=0.3, water vapor=4.12 (g/cm?), SZA=42 degree.
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4.3.2

4.3.1

(Al)

Al

LAI

NDVI

(b)

LAI

Al

NDVI
Al1>=0.3
Al>=0.3
550 0.3 Al1=0.3
0.1 12%
LAI 30%
NDVI Al
NDVI
Al
Al
NDVI Al
Al 0.3
1997
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Al1>0.3

NDVI
(LA
NDVI LAI
NDVI Al
2 2.4
NDVI
NDVI Al<0.3
4.2
Figure 4.5
Tsso  0.75 NDVI
Figure 4.1
Figure 4.7 Al1>=0.3
1997 7 9
NDVI
NDVI

Al



fgrosnd Indax

Judy, 1909
e

Figure 4.7. Spatial NDVI variations in July and September 1997. The Aerosol Index (Al)

also shows areas with hazy atmosphere.
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4.4 LAI

4.3 NDVI

4 NDVI LAI
NDVI LAI LAI

LAI NDVI

LAI
BIOME-BGC
[Running and Coughlan, 1988; White et al., 2000]
BIOME-BGC [Potter et al.,1993; McGuire et al.,
1995; etc.] BIOME-BGC NPP
[Cramer et al., 1999]
NPP [Running et al., 1999]
4.4.1 LAI
BIOME-BGC
LAI
BIOME-BGC Running and
Coughlan [1988], Kimball et al. [1997a], Kimball et al. [1997b], White et al. [2000]
Kimball et al. [19973a] BIOME-GGC
NPP C02 (Net Ecosystem Exchange, NEE)
5
NEE 66.1% NPP
NPP 4 240-101
(gC/m?/year)
BIOME-BGC NDVI LAI
LAI
Defries et al. [1998] 8km

(Appendix 3 )
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(Cava 9C/m2/day)

Caa=GPP-R,
GPP (9C/m2/day), Rm (9gC/m2/day)
GPP R 5

Caval (gC/mZ/day)

Ciear,i= Cieaf,i-1+ Caval *f-Cioss (gC/m2/day)

Ciear;, NDVI i LAI

Cieat,i-1 =LAI;.1/SLA

SLA specific leaf area (m?/gC) LA, -1 LAI
i=1 i-1 NDVI LAI f
Cava
Cioss  Cioss

White et al. [2000]

f Closs

i LAI

LAI=SLA* Cieari (m?/m?)

NDVI LAI 1 2 1
LAI
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4.4.2 LAI
LAI
au
1999 1 -12
SPOT/VEGETATION LAI 1999 LAI
8 -11 4 LAI 4.4.1
LAI LAI
RMS
LAI
( ) Defries et al., [1998] (Appendix 3 )
( )
2-4
LAI
1. LAI 7 LAI
LAI 50%
2. LAI LAI LAI
1.0 ( Viovy et al. [1991] NDVI ,

Best Index Slope Extraction (BISE)
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LAI

8km LAI

@

Table 4.3

Table 4.3 (a), (b), (c)

LAI
LAI

LAI
8 LAI

Figure 4.8 (b)

Table 4.3 (d)

8-11 LAI
LAI

(€) R

[Ishida et al.,2000; Asner et al., 2000]

LAI

9507
LAI 8 -11
LAI
16%
LAI
LAI
(2) )
Figure 4.8
Figure 4.8 (a)
(LAI=5.5)
10 LAI
11
2
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Figure 4.9

LAI

Al>=0.3

1997 9

Figure 4.10

1997

-02-
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LAI
LAI
LAI
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Table 4.3 Summary of the validation results in the LAI interpolation scheme.

(a) Forest type in Kalimantan (n=3432)

Month Satellite LAI Model LAI RMSE RM S(%)
8 6.52 6.54 0.31 4.79

9 6.52 6.61 0.34 5.26

10 6.48 6.66 0.45 6.95

11 6.48 6.71 0.76 11.70

(b) Forest type in Sumatra (n=1312)

Month Satellite LAI Model LAI RMSE RM S(%)
8 5.41 5.45 0.20 3.67

9 5.41 5.51 0.29 5.33

10 5.40 5.57 0.53 9.84

11 5.40 5.61 0.75 13.82

(c) Forest type in Indo China Peninsula (n=786)

Month Satellite LAI Model LAI RMSE RM S(%)
8 5.42 5.46 0.30 5.51

9 5.45 5.54 0.45 8.20

10 5.52 5.55 0.64 11.64

11 5.51 5.52 0.88 16.06

(d) Cropland in Indo China Peninsula (n=1396)

Month Satellite LAI Model LAI RMSE RM S(%)
8 1.73 1.82 0.19 10.91

9 1.88 2.05 0.29 15.29

10 1.98 2.25 0.36 18.13

11 2.02 2.42 0.44 21.98
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Figure 4.8 Satellite-based and model-based LAI estimation results in 1999. (a) 14.3N,
101.2E, (b) 12.7N, 108.6E.

Figure 4.9 Application results of ecosystem model-based LAI interpolation method in

September 1997. Left: before correction, right: after correction

12
T —a— Belore comrection
q a—  Afber comection
-
i [ K/Aq\u
4 R
2
i z R
2 4 &5 & K1 12
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Figure 4.10 Application results of ecosystem model-based LAI interpolation method in 1997

around Pasoh, Malaysia (2.98N, 102.31E, 1*1 degree average).
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LAI
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0.06-0.07
NDVI 0.02
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13.5%, 21.0%
Al>0.3
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16%
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5.1

2 4 NPP
2 PAR

2 3

NPP
2, 4
5.3
NPP
5.4 5.5

NPP

PAR LAl
PAR
PAR
PAR
PAR  NPP
PAR LAl
NPP
5.4
1997 2002
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5.2
5.2.1
(1)
NPP Running et al. [1999]
NASA Earth Observing System (EOS) 1999 2002
Terra Aqua
Running et al. [1999] NPP
NPP
CO2
Running
[Heinsch, http://www.ntsg.umt.edu/projects/modisflux]
(2)
Box 1  Running NPP (5.B1)
NPP GPP = R
GPP ( 5.B2) NPP [Potter et al., 1993; Ruimy et al.,
1994, 1997; Prince and Goward, 1995; Goetz et al., 1999] Monteith
[1972] (e)
Running £
&g (583) Emax
Vapor Pressure Deficit, VPD (hPa) (Tmin ()
f Emax
Appendix 2
FPAR 0-1 FPAR
LAI Box 1 [Myneni et al., 1997]
(5.B4)
(Tave (1)) Ci
biomass (9) LAI Q10

-99-


http://www.ntsg.umt.edu/projects/modisflux

respiration quotient Qi 2.0

[Waring et al., 1998], Running

Running et al. [1999]

Oikawa [1985]

( Specific leaf area, SLA m2/KgC)
SLA LAI
27.5 (m?/KgC) Appendix 2
€) R
Running NPP
1 NPP
Figure 5.1 NPP
1997-2002
NPP
NPP 2,4
LAI
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Box 1. Basic formulation of NPP estimation model by Running et al. [1999]

NPP=GPP-R (gC/m?/year) (5.B1) (g W FPAR relstionshins
GPP= ¢x FPARx PAR (5.B2) & B o ]
0.8 p—
6= EmaxX Trx fypg (5.B3) 5"
o - =
R=32C;x biomassx Q.,(T2¢20/10 (5 B4) - 0.5 B S
- .
.
& Bl ,3_ - 0 FPARET)
: e = FPAR{BZ)
NPP: Net Primary Production ek - imEgg;
0.2 & -
GPP: Gross Primary Production .ﬂlf - ﬁg::Eg:;
R: Respiration 0.0
g 1 2 a 4 5 8
LAl
g light use efficiency .ﬁ' ﬁ'l‘"ﬁ
fr: temperature stress factor | ' 10
fupa: VPD stress factor
Qi0: respiration quotient 0.0 0.0
Tminl  Tmin VP VPD2
Monthly VPD daily average, Monthly PAR Monthly LAI
and minimum temperature and Vegetation type

£~ _ o ——>
S d R
% Pixel by pixel (0.1*0.1-degree)

g
=== estimation of NPP_ .. by

U Running model
January
February
Annual summation

of the monthly NPP
November
December

2Se
/ / Annual NPP

Figure 5.1 Data processing flow for NPP estimation in this study.
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5.2.2
(1)
5.2.1 Running NPP
PAR LAI
PAR LAI 2-4 Defries et al.
[1998] 8km (
Appendix 3 )
NOAA/ NCDC Global Surface

Summary of Day [NOAA, 2002]
Table 5.1

Table 5.1. Summary of data used in this study.

Data name Source and data description

Vegetayion Type UMD land cover 8km grid (Defries te al. [1998])

Daily average temperature Meteorological station data (1997-2002) (NOAA [2002])
Daily minimun temperature Same as above

Daily maximum temperature Same as above

Daily dew point Same as above
(2)
1 20
200
2 0.0065 ( /m) Om
GTOPO30
3 (Inverse Distance Weighting, IDW)
0.1°

()61
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(wi=r?)

T wi i
0.1°
GTOPO30 0.0065 ( /m)
(VPD) [Murray, 1967; Thornton et al., 1997]

VPD =¢(T,) —e(Ty) (hPa) (5.2)

17.269T

T) = 610.78ex
&) p(237.3+T

) (hPa) (5.3)

T.=0.606Tmax+0.394T i Tq
Figure 5.2

Rl HEG

Figure 5.2. Examples of the monthly mean temperature (Tae, ), monthly mean minimum
temperature (Tmin, ), and monthly average vapor pressure deficit
(VPD,hPa) maps in September 1999.
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@®
Willmott and Matsuura [1995]
(Simple cross validation)
1 IDW
RM SE
1997 12 x 200
Table 5.2
Tave 1.53( ) Tmin () 1.38
Tave Td (VPD) 11.7%

(Average difference, A. D.) 0.2-0.34 ( )

Table 5.2. Summary of the simple cross validation results.

Tmax Tmin Tave T4
Average 31.92 23.32 27.35 23.01
RMSE 1.53 1.38 1.20 1.24
A.D. 0.23 0.20 0.21 0.34

A. D.: Average difference

Unit:
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5.3
NPP
NPP
[Pan et al., 1996; Knorr and Heimann, 2001a, 2001b; Matsushita and Tamura,
2002; , 2002] Pan et al., [1996] 3
NPP TEM (Terrestrial Ecosystem Model)
NPP NPP
NPP
2-4 5.2 NPP
5.3.1
Running LAI,
PAR, 5
(1)
LAI
4 LAI NDVI 30%
NDVI NDVI
14-21% LAI
15%
LAI
LAI 21%
NDVI
LAI
30%
PAR
2 10% PAR
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10%
( )
5.2 1.2-1.5
(+12%
(-18% )
+ 1.3 ( +1.3
)
(2)
NPP
NPP (ONPPmonth xi)
ONPP_ i = NPP(x £ ) — NPP(x;) (5.4)
NPP (SNPPmonth) X 2
éNPPmonth = \/Z (mppmomh,xi )2
i=1
NPP (SNPP) 2
12
ONPP = /z“((ﬂ\lppﬁm)2 (5.6)
i=1
() R

Table 5.3 Table 5.4
NPP LAI
NPP Box 1 Appendix 2
LAI + - NPP
LAI=+30%

- 106 -

)

(5.5)

Table 5.3



Scenario 1

(PAR=8MJ/m2/day, VPD=800hPa, T,,=25C, Tnin=20C) Scenario 2

/

6 Wet season: PAR= 8MJ/m2/day, VPD=800 hPa, T,.=25C,
Tmin=20C, Dry season: PAR=10MJ/m2/day, VPD=1500hPa, T,,e=30C, T,i,=20C S

3 3 PAR
season: PAR=8MJ/m2/day, VPD=800hPa, Tae=25C, Tmin=20C,
PAR=4MJ/m2/day, VPD=1000hPa, T,,=25C, Tnin=20C

12% Scenario 1
LAI LAI=1-4
% LAl 0.5 6 LAI
LAI GPP
LAI
LAI=4 12%
25% LAI
LAI 3 LAI

LAI

NPP
LAI
LAI 4 LAI
LAI=4 1-2
LAI=3 12%

- 107 -

Hazy

LAI

LAI=4

30%

LAl 4

cenario
Wet

season:



Table 5.3. Summary of the sensitivity analysis under various climate and LAI conditions in

the forest type.

(a) Scenario 1:wet condition (PAR=8MJ/m2/day, VPD=800hPa, T,=25C, T,in=20C)

LAI NPPannual SNPPannual SNPPannuar (%)
0.5 754 69 9.25
1 1385 86 6.23

2 1984 86 4.38

3 2177 89 4.11

4 2145 104 4.87

6 1917 154 8.06

Unit= (gC/m?/year)

(b) Scenario 2: monsoon condition (Wet season: PAR= 8MJ/m2/day, VPD=800 hPa, T.,=25C,
Tmin=20C, Dry season: PAR=10MJ/m2/day, VPD=1500hPa, T,,=30C, Tn=20C)

LAl NPPannyal OdNPPannual SN PPannyai (%)
0.5 727 71 9.88
1 1345 91 6.76
2 1908 99 5.19
3 2061 111 5.41
4 1986 133 6.70
6 1669 193 11.58

Unit= (gC/m?/year)

(c) Scenario 3: 3 hazy months/9 wet condition months (Wet season:PAR=8MJ/m2/day,
VPD=800hPa, T4=25C, Tnin=20C, Hazy season: PAR=4MJ/m2/day, VPD=1000hPa, T,,.=25C,
Tmin=20C)

LAI NPPannual 8N PPannual SN PPannual (%)
0.5 616 44 7.20
1 1153 54 4.76

2 1647 59 3.59

3 1787 71 4.01

4 1731 90. 5.25

6 1476 140 9.50

Unit= (gC/m?/year)
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Table 5.4. Summary of the sensitivity analysis under various climate and LAI conditionsin

the cropland/grassland type.

(a) Scenario 1:wet condition (PAR=8MJ/m2/day, VPD=800hPa, T,,=25C, T,in=20C)

LAI NPPannual SNPPannual SNPPannuar (%)
0.5 380 37 6.77
1 592 43 5.19

2 735 43 4.86

3 721 44 7.29

4 602 56 14.02

Unit= (gC/m?/year)

(b) Scenario 2: monsoon condition (Wet season: PAR= 8MJ/m2/day, VPD=800 hPa, T,,=25C,
Tmin=20C, Dry season: PAR=10MJ/m2/day, VPD=1500hPa, T,,=30C, Tn=20C)

LAI NPPannual SNPPannual SNPPannua (%)
0.5 364 27 7.29
1 556 34 6.07

2 658 47 7.07

3 600 71 11.80

4 436 108 24.68

Unit= (gC/m?/year)

(c) Scenario 3: 3 hazy months/9 wet condition months (Wet season:PAR=8MJ/m2/day,
VPD=800hPa, T4e=25C, Tnin=20C, Hazy season: PAR=4MJ/m2/day, VPD=1000hPa, T,,=25C,
Tmin=20C)

LAI NPPannual SNPPannual ONPPnnual (%)
0.5 308 16 5.12
1 471 20 4.31
2 561 32 5.77
3 516 54 10.41
4 382 83 21.65

Unit= (gC/m?/year)
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NPP

, 1998;

Figure

5.3.2
5.3.1
NPP
NPP
(2) NPP
NPP Clark et al., [20014]
NPP gC/m2/year
NPPgounda  9C/m2/year =
+ -
2
10cm 1.3m
[Okuda et al., 2001]
NPP NPP -
(2)
Pasoh 2.98N, 102.31E [Kira et al.
, 2001] Kao Chong (7.58N, 99.8E) [Kira, 1998]
Bukit Soeharto 0.85N, 117.03E [ , 2002]
5.3
a. Pasoh (2.98N, 102.31E)
Kira et al. [1998] Pasoh [Okuda et al., 2003, Davis et al., 2003]
International Biological Program (IPB) 1971-1973 2ha 0.2ha
5 Pasoh
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(Depterocarp) Kira et al. [1998]
NPP 1997-2002 [2001] Pasoh
(6ha) (6ha) 1992-2001
NPP Table 5.5 Kira [1998], [2001]
. [2001]
Kira [1998]
Pasoh  NPP 2

Table 5.5. Summary of the carbon dynamics in Pasoh Forest Reserve.

Kira et al. [1998] Okuda et al. [2001]

Primary Primary Regeneration
NPPground (above and root) 1274 - -
NPPgroung (above) - 885 1173
Root increment 27 - -
Fallen trees 166 602 169
Predation by insects 135 - -
NPP 1575 1649 1504

Unit= (gC/m?/year)

b. Kao Chong (7.58N, 99.8E)
Kira [1998] Kao Chong 1960 0.04ha

Pasoh NPP 1997-2002
NPP

c. Bukit Soeharto 0.85N, 117.03E

[2002] , 2000-200 Bukit Soeharto
1983 1998
(Macaranga ) [2002]
(Macaranga ) 1
2000 NPP
10cm

(Macarang )
NPP
2 2001 NPP

@
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Figure 5.4, Table 5.6

Kira [1998] Kao Chong + 110 (gC/m?/year)
Kao Chong Bukit Soehart
[2003]
10% Running

2 &1 2 20%

2 ’
Figure 5.4 5-23%
5.5-10.6%
6% (85

gC/m2/year) NPP
GPP R

GPP GPP VPD

€max (Appendix 2 )
R C
GPP
R
Kao Chong
[Picket and White, 1985]
[2001]
Pasoh  primary forest Regeneration forest NPP

9% (140 gC/m2/year)
NPP
NPP

51 Reich et al. [1991] 23
0-50
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5.3.1 Table 5.3 (a) LAI
7%
+ 8
10.6 =13.3%
3 ( 5
NPP NPP
Monteith [1972] NPP
17%
17%
7% 18.4%
NPP + 20%
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Figure 5.3. Map showing the locations of NPP validation sites. Pasoh: (2.98N, 102.31E),
Kao Chong: (7.58N, 99.8E), Bukit Soeharto: (0.85N, 117.03E0).
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Figure 5.4. NPP comparison between ground measurements and satellite estimates.
Opened rectangle and triangle denote the values after correction for predation by

insects. Dotted error bars indicate the maximum CO2 fertilization effect on NPP.
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Table 5.6. Summary of the comparison results.

NPPsatellite NPPground Difference (%)
Bukit Soeharto 1177 1112 5.85
Pasoh? (Kira et al. [1998]) 1663 1576 5.55
Pasoh? (Okuda et al. [2001]) 1663 1649 0.85
Pasoh® (Okuda et al. [2001]) 1663 1504 10.57
Kao Chong 1318 1219 8.14

a: Primary forest, b: Regeneration forest
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5.4

NPP NPP
(1) NPP
Figure 5.5 1997-2002 NPP
1999 LAI PAL
SPOT/VEGETATION 1997-2002 NPP
LAI NPP
NPP
1999 PAL SPOT/VEGETATION NPP
SPOT/VEGETATION
Table5.7 PAL SPOT/VEGETATION NPP
R1~-R5 NPP Figure 5.6 NPP
PAL SPOT NPP 2.4
-4.3~7.8%
PAL SPOT LAI 4
PAL SPOT 4.2
NDVI NDVI
LAI
SPOT/VEGETATION PAL NDVI R5
NPP
SPOT/VEGETATION NPP 1999
PAL SPOT/VEGETATION NPP
1999-2002 NPP
(2) NPP
NPP gC/m2/year 1000~1800
gC/m2/year
NPP 1000 1500 1000-1800 gC/m2/year
(Chao Phraya) (Khorat Plateau)
(Mekong)
NPP 400-700 gC/m2/year
, Annamese Cordillera NPP  1000-1600 gC/m2/year
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1997 1998 2002 NPP

2 1
PAR 2
1997 1998 2002
NPP
Oikawa and Ito [2001] Sim-CYCLE [lto and Oikawa,
2002]
NCEP/NCAR Olson et al.
[1983] 0.5 NPP
NPP Oikawa and Ito [2001] NPP
NPP
NPP Oikawa and Ito [2001]
NPP
Olson et al. [1983]
NPP
(3) NPP
Table 5.8 Figure 5.6 R1 , R2 , R3
R4 20N-10N R5 NPP
1997-2002 NPP
3.28 (PgClyear) 5.3
+ 13.3% + 18.4% (16%)
NPP  2.76-3.80 (PgCl/year) NPP
(1999 ) (1997 ) 0.34 (PgClyear)
NPP 44.4-66.3 (PgClyear)
50 (PgClyear) [Cramer et al., 1999] NPP
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6.5%

[2003]

km? NPP  5.06 (PgClyear)

(PgClyear)
NPP

Table 5.8 R1-R5
30%

Table 5.9 (a), (b)
Table 5.9 (a) R5

NPP
NPP  16% NPP
NPP
1997  -1998
10% 82
NPP

, [2002]
2.3
NPP

NPP
R2
R5

R1 R2
NPP

84%
(Table 5.8)

NPP
1997

NPP
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Figure 5.5. Spatial variationsin NPP from 1997 to 2002. PAL derived LAI data were used for
NPP estimates from 1997 to 1999, and SPOT derived LAI data were used from
1999 to 2002. In 1999, NPP from both LAI data were shown.
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Figure 5.6. Five areas defined for NPP estimates in the current study. R1: Sumatra Island and
other islands around Sumatra (5.12* 10° km?), R2: Kalimantan Island (7.62*10°
km?), R3: Java Island (1.48*10° km?), R4: Malay Peninsula below 10N
(2.15*10° km?), R5: Indo China Peninsula between 20N-10N (12.48*10° km?).

Table 5.7. Comparison between PAL-based and SPOT-based NPP estimates in 1999.

(Unit:PgClyear)

R1 R2 R3 R4 R5 Total
PAL NPP 0.697 1.212 0.131 0.296 1.102 3.44
SPOT NPP 0.658 1.190 0.137 0.273 1.098 3.36
PAL-SPOT 0.039 0.023 -0.006 0.023 0.004 0.08
Difference(%) 5.57 1.86 -4.34 7.88 0.39 2.42
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Table 5.8. Summary of the total

NPP in five regions defined by Figure 5.6. (Unit:PgCl/year)

Year R1 R2 R3 R4 R5 Total NPP
1997 0.61+ 0.079 1.00+ 0.13 0.14+ 0.019 0.28%+ 0.037 1.06% 0.14 3.10+ 0.40
1998 0.67+ 0.088 1.04+ 0.14 0.13+ 0.017 0.27+ 0.036 1.01+ 0.13 3.14+ 0.41
1999 0.70+ 0.090 1.21+ 0.16 0.13+ 0.017 0.30+ 0.039 1.10+ 0.14 3.44+ 0.45
2000 0.70+ 0.090 1.19+ 0.15 0.13+ 0.017 0.30+ 0.039 1.12+ 0.15 3.44+ 0.45
2001 0.67+ 0.087 1.12+ 0.15 0.13+ 0.017 0.28+ 0.037 1.06+ 0.14 3.26+ 0.42
2002 0.68+ 0.087 1.09+ 0.14 0.14+ 0.018 0.30+ 0.039 1.09+ 0.14 3.30+ 0.43
Average 0.67+ 0.087 1.11+ 0.14 0.14+ 0.018 0.29+ 0.038 1.07+ 0.14 3.28+ 0.43
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Table 5.9. Summary of the total NPP in five regions defined by Figure 5.6 (a) forests and (b)

grassland/cropland. (Unit:PgCl/year)

(a) Forest
Year R1 R2 R3 R4 R5 Total NPP
1997 0.53+ 0.069 0.97+ 0.13 0.08% 0.01 0.26+ 0.033 0.74+ 0.097 2.58% 0.34
0.069+
1998 0.59+ 0.077 1.02%= 0.13 0.07+ 0.009 0.25% 0.032 0.71+ 0.092 2.64+ 0.34
0.065%
1999 0.61+ 0.080 1.18% 0.15 0.07+ 0.009 0.27+ 0.035 0.77+ 0.10 2.90+ 0.38
0.076+
2000 0.62+ 0.080 1.17+ 0.15 0.07+ 0.009 0.27+ 0.035 0.75+ 0.097 2.86x 0.37
0.078+
2001 0.58+ 0.075 1.10%+ 0.14 0.06x 0.008 0.26%+ 0.033 0.74%+ 0.096 2.73+ 0.36
0.073+%
2002 0.59+ 0.077 1.07+ 0.14 0.07+ 0.009 0.27+ 0.035 0.76x 0.099 2.76% 0.36
0.077+
Average 0.59+ 0.076 1.08+ 0.14 0.07+ 0.009 0.26+ 0.034 0.75+ 0.097 2.74% 0.36
0.073%
Total area 4.05 7.27 0.40 1.66 6.60 19.99
(Area: 10° km?)
(b) Grassland/cropland
Year R1 R2 R3 R4 R5 Total NPP
1997 0.081 0.025 0.069 0.028 0.32 0.52
+ 0.011 + 0.0033 + 0.0090 + 0.0036 + 0.041 + 0.068
1998 0.084 0.025 0.064 0.026 0.30 0.50
+ 0.011 + 0.0033 + 0.0084 + 0.0033 + 0.039 + 0.065
1999 0.083 0.028 0.063 0.028 0.34 0.54
+ 0.011 + 0.0036 + 0.0082 + 0.0036 + 0.044 + 0.070
2000 0.082 0.024 0.066 0.026 0.34 0.55
+ 0.011 + 0.0031 + 0.0086 + 0.0034 + 0.044 + 0.071
2001 0.086 0.025 0.066 0.026 0.32 0.53
+ 0.011 + 0.0032 + 0.0085 + 0.0034 + 0.042 + 0.069
2002 0.086 0.025 0.070 0.028 0.33 0.54
+ 0.011 + 0.0032 + 0.0090 + 0.0037 + 0.042 + 0.071
Average 0.087 0.025 0.066 0.027 0.32 0.53
+ 0.011 + 0.0033 + 0.010 + 0.0035 + 0.042 + 0.070
Total 1.07 0.35 1.08 0.49 5.89 8.89
(Area: 10° km?)
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NPP NPP (0.25 (PgClyear), [2002])
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Figure 5.7. NPP and haze distribution in Southeast Asia. (a) NPP (same as Figure 5.5), (b)
Annual accumulation of aerosol index, (c) NPP without haze effect in NPP

calculations.
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Table 5.10. Total NPP (PgC/ year) in highly hazy areas (AA1>75) in Kalimantan, Sumatra,

and Malay Peninsula.

(a) Kalimantan Island (R2)

1997 1998 2002
NPP 0.41+ 0.053  0.33+ 0.039 0.13+ 0.017
NPP (non-haze) 0.59+ 0.077  0.41+ 0.053 0.16+ 0.021
Area (10° km2) 3.78 2.74 1.13

(b) Sumatra Island (R1)

1997 1998 2002
NPP 0.34+ 0.044 - -
NPP (non-haze) 0.48+ 0.062 - -
Area (10° km2) 3.00 - -

(c) Malay Peninsula (R4)

1997 1998 2002
NPP 0.0083+ 0.0011 - -
NPP (non-haze) 0.0095+ 0.0012 - -
Area (10° km2) 0.071 - -

NPP:(PgC/ year)
In 1998 and 2002, hazy area was only found in Kalimantan Island.

Therefore only result in 1997 was written in Sumatra and Malay Peninsula.
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Table 5.11. Average annual PAR (MJ/m2/year) in highly hazy areas (AAI1>75) in Kalimantan,

Sumatra, and Malay Peninsula.

(a) Kalimantan Island (R2)

1997 1998 2002
PAR 2490 2570 2600
PAR (non-haze) 3000 2890 2900

(b) Sumatra Island (R1)

1997 1998 2002
PAR 2450 - -
PAR (non-haze) 2950 - -

(c) Malay Peninsula (R4)

1997 1998 2002
PAR 2730 - -
PAR (non-haze) 2920 - -

PAR: (MJ/m2/year)
In 1998 and 2002, hazy area was only found in Kalimantan Island.

Therefore only result in 1997 was written in Sumatra and Malay Peninsula.
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Table 5.12. Total NPP (PgC/year) in Indo China Peninsula estimated by PAR data with haze

considered and without haze considered.

1997 1998 1999 2000 2001 2002
NPP 1.06 1.01 1.10 1.12 1.06 1.08
NPP non-smoke 1.10 1.07 1.15 1.16 1.07 1.13
Differences 0.035 0.054 0.049 0.038 0.019 0.042

+ 0.0045 + 0.0045 + 0.0064

I+

0.0047 + 0.025 + 0.0055

L 4 fi R 1

Figure 5.8. Mean LAI seasonal variations (1997-2002) in Indo China Peninsula.
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5.5.2 PAR
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Figure 5.11. Schematics of the PAR variations and its effects on the NPP variations.
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Appendix

Appendix 1. 2000-2002 PAR
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Figure A-1 Seasonal PAR variations in 2000.
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Figure A-2 Seasonal PAR variations in 2001.
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Figure A-3 Seasonal PAR variations in 2002.
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Appendix

Appendix 2. Running et al. [1999]

gmax Tmin2 Tminl VPD2 VPD1 SLA Q1o
EBF 0.00126 9.09 -8 4100 930 27.5 2
DBF 0.00104 7.94 -8 4100 930 26.2 2
WGL 0.00077 11.39 -8 4100 930 39.8 2
GL 0.00060 12.02 -8 4100 930 45 2
CL 0.00060 12.02 -8 4100 930 45 2

EBF: Evergreen broadleaf forest

DBF: Deciduous broadleaf forest

WGL: wooded grassland

GL: Grassland
CL: Cropland

gemax: (KgC/MJ)
Tmin: ()
VPD: (hPa)
SLA: (m2/KgC)
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Appendix

Appendix 3.

University of Maryland 8km [Defries et
al., 1998] NOAA/AVHRR 1984

Decision Tree
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