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By using a land cover map, normalized difference vegetation index (NDVI) data sets,
monthly meteorological data and observed net primary productivity (NPP) data, we
have improved the method of estimating light use efficiency (LUE) for different
biomes and soil moisture coefficients in the Carnegie-Ames—Stanford Approach
(CASA) ecosystem model. Based on this improved model we produced an annual
NPP map (in 1999) for the East Asia region located at 10-70° N, 70-170° E (about
19.66% of the terrestrial surface of the Earth). The results show that the mean NPP
for the study area in 1999 was 374.12 g carbon (C) m ™ year™! and the total NPP was
1.096 x 10" kg C year™, making up 17.51-18.39% of the global NPP. Comparison
between the estimated NPP obtained from this improved CASA ecosystem model
and the observed NPP obtained from two NPP databases indicates that the esti-
mated NPP is close to the observed NPP, with an average error of 5.15% for the
study region. We used two different land cover maps of China to drive the improved
CASA model by keeping other inputs unchanged to determine how the classification
accuracy of the land cover map affects the estimated NPP, and the results indicate
that an accurate land cover map is important for obtaining an accurate and reliable
estimate of NPP for some regions, especially for a particular biome.

1. Introduction

Net primary productivity (NPP), an indicator reflecting the extent of vegetation
utilization in natural conditions, is the dry matter produced by green vegetation per
unit area and per unit time (Peng et al. 2000). Spatiotemporal variation in NPP is
mainly affected by the complex interaction between vegetation, soil and climate
factors, and is also strongly affected by human activities. NPP is a sensitive indicator
of climate and environmental changes (Schimel ez al. 1995). Although there are many
uncertainties in estimating NPP on a large scale, it is currently very important to
estimate NPP in order to determine the evolution of terrestrial ecosystems, and study
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the response of the ecosystems to climate change (Field er al. 1995, Cramer et al.
1999). There are many models for estimating NPP. Ruimy and Saugier (1994) general-
ized these models into three categories: (1) statistical-, (2) parameter- and (3) process-
based models. The Carnegie-Ames-Stanford Approach (CASA) ecosystem model
based on estimating light use efficiency (LUE) is a process-based model appropriate
for the estimation of NPP on a global or regional scale. LUE means the efficiency that
vegetation translates photosynthetically active radiation into organic carbon. LUE
directly affects energy distribution, and one of the key topics in estimating NPP based
on the CASA ecosystem model is the correct estimation of LUE. Potter ez al. (1993)
stated that vegetation has a maximal LUE in ideal conditions but is easily affected by
actual temperature and moisture conditions. Potter ez al. (1993) and Field et al. (1995,
1998) reported that the maximal LUE of different vegetation types in rational condi-
tions should be 0.389 g carbon (C) (MJ)™", and they used the CASA ecosystem model
to obtain 4.89 x 10'* kg C for the global terrestrial ecosystem. Jeffrey (2006) set the
maximal LUE for different vegetation types in the two data sets from the National
Centers for Environment Prediction (NCEP) and the Goddard Institute for Space
Studies (GISS) to 0.46 and 0.50 g C (MJ)™', respectively, when he used the CASA
model to compare the quality of the two data sets. However, the maximal LUE is
affected by temperature, water, soil, nutrition, disease, individual development, gene
difference and energy distribution in the real situation (Prince 1991), so it should not
be set to a sole value for different vegetations (Goetz and Prince 1996, Paruelo et al.
1997, McCrady and Jokela 1998).

In the CASA model, moisture stress coefficients are calculated by the soil moisture
model, which is related to many soil parameters such as field moisture capacity, the
wilting coefficient, the percentage of soil sand and clay particles, and the depth of the
soil. In general, these soil parameters are extracted from a soil class map whose
accuracy is low on a large geographical scale and it is difficult to obtain them.

Due to the limitations of the CASA model, we aimed to improve the model from the
two aspects: (1) according to the principle of minimal error between the estimated
NPP and observed NPP (field measurement data), we constructed an equation to
model the maximal LUE for different vegetation types; (2) by excluding several soil
parameters, we used monthly meteorological data (monthly total solar radiation,
monthly average temperature and monthly total precipitation) and referred to the
existing regional evapotranspiration model to estimate regional moisture stress coef-
ficients. This treatment not only keeps the plant physiological and ecological basis of
the original CASA ecosystem model but also simplifies the input parameters.

2. The improved CASA ecosystem model

In the CASA ecosystem model, the product of absorbed photosynthetically active
radiation (APAR) and LUE was used to define NPP as in equation (1) (Potter et al.
1993):

N(x,1) = A(x,1) X e(x, 1) (1)

where N(x, f) represents the NPP in the geographic coordinate system of a given
location x and time 7. A(x, £) (MJ m*/month) means the APAR by the vegetation. e(x,
7) is the LUE (g C (MJ)™") of the vegetation. A flow chart of the improved CASA
algorithm used to produce the NPP is shown in figure 1.
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Figure 1. The improved NOAA-AVHRR productivity logic has three key components:
(1) remote sensing inputs (land cover, NDVI), (2) monthly surface weather inputs, (monthly
solar radiation (SOL), which is used to estimate APAR; monthly average temperature and
monthly total precipitation, which are used to estimate temperature stress coefficients (7%, 7.;)
and moisture stress coefficient (1.)), and (3) a look-up table containing biome-specific coeffi-
cients (observed NPP, .« and ¢). Based on the land cover, observed NPP, temperature stress
coefficients and moisture stress coefficient, a characteristic radiation conversion efficiency
parameter (eq,.¢) 1S extracted to produce e, which is then used with the Absorbed
Photosynthetic ~ Active  Radiation (APAR) to predict the monthly NPP
[N(x,1) = A(x,t) X e(x, 1), where A(x, 1) = S(x,1) X F(x,t) x r and r is the ratio of the solar
radiation (with wavelength range of 0.38-0.71 pum) that can be used by the vegetation to the
total solar radiation]. The final estimation of the annual NPP is obtained by adding the 12-
month NPP in a year.

2.1 Estimation of APAR
The algorithm of APAR is given by equation (2) (Piao ez al. 2001):
A(x,t) = S(x,t) X F(x,t) Xr )

where S(x, 7) (MJ m~*/month) is the monthly total solar radiation, F(x, 7) is the
fraction of photosynthetically active radiation (FPAR) at position x and time 7, and
r is the ratio of the solar radiation (with a wavelength range of 0.38—0.71 pm) that can
be used by the vegetation with the total solar radiation (r =~ 0.5) (Piao et al. 2001).
FPAR is mainly determined by vegetation type and its canopy. The normalized
difference vegetation index (NDVI), calculated by remote sensed data, is used to
reflect the vegetation canopy (Potter ef al. 1993). The relationship between FPAR and
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NDVlIis nearly linear and has been defined by equation (3) (Sellers 1985, Huemmrich
and Goward 1992, Potter et al. 1993, Ruimy and Saugier 1994):

Pl = [((NDVI)(x, 1) = (NDVI); 1] X (Frnax — Finin) LF 3)
A NDVIj,max - NDVIi,min "

Frin (= 0.001) and Fax (= 0.95), the minimal and maximal FPAR, respectively, are
independent of vegetation type. (NDVI); in and (NDVI); ,. are the statistical minimal
and maximal NDVI values of vegetation type i and represent bare and full cover with
the vegetation type i, respectively. The algorithm of (NDVI); .,;, can be described by the
following two steps: (1) at an interval of 0.0001, calculate the minimal NDVI probability
distribution of all pixels of vegetation type 7; (2) the NDVI value corresponding to the
fifth percentile of the distribution is selected as (NDVI); ;. Similarly, the algorithm of
(NDVI); max can be calculated: (1) at an interval of 0.0001, calculate the maximal NDVI
probability distribution of all pixels of vegetation type 7; (2) the NDVI value corre-
sponding to the 95th percentile of the distribution is selected as (NDVI); max-

Some studies have indicated that FPAR is also linearly related to a simple ratio (SR)
that can be expressed as a transformation of NDVI. The linear relationship of FPAR and
SR can be expressed by equation (4) (Los ez al. 1994, Field et al. 1995, Sellers et al. 1996):

[D(xv t) - Di.min] X (Fmax - Fmin
Di,max - Di,min

where D(x, f) represents the SR and D(x, ) = %. Djmin and D,y are

calculated using (NDVI); min and (NDVI); . as the values for the NDVI,
respectively.

The comparison indicated a larger and smaller bias than the field observed value in
estimating FPAR through NDVI and SR, respectively. However, the error estimated
through SR is smaller than through NDVI. Los (1998) found the smallest error with
the field observed value in estimating FPAR from the mean value estimated by NDVI
and SR, respectively, and gave the integrated model as in equation (5):

F(x,t)=aFi + (1 —a)F (5

F(x,t) =

+F min (4)

where F| and F, are FPAR calculated by equations (3) and (4), respectively, and « is
set to 0.5.

2.2 Estimation of LUE
The algorithm of LUE can be expressed by equation (6):
e(x,t) = T (x, 1) X Tea(x, 1) X We(x, 1) X emax (6)

where e(x, f) is the LUE, T.(x, t) and T.,(x, f) are temperature stress coefficients,
W. (x, t) is the moisture stress coefficient, and e,,,, is the maximal LUE of the
vegetation in ideal conditions.

2.2.1 Estimation of temperature stress coefficients. 7.(x, 7) indicates the restricted
extent of extreme low and high temperature conditions to vegetation photosynthesis.
T.»(x, t) expresses the decreasing trend of LUE of the vegetation when the environ-
ment conditions change from the optimal temperature to a lower or higher tempera-
ture. The algorithms for 7.;(x, ¢) and T.»(x, 7) have been described by Potter et al
(1993) and Field et al. (1995).
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2.2.2 [Estimation of the moisture stress coefficient. 7. (x, ¢) shows the effect of
effective moisture that can be used by vegetation on LUE. With effective moisture
increase, W.(x, ?) gradually increases and ranges from 0.5 (in extremely dry condi-
tions) to 1 (in extremely moist conditions). W.(x, ) can be calculated by equation (7)
(Piao et al. 2001):

W.(x,t) = 0.540.5 x [E(x,1)/P(x,1)] (7)

where E(x, ) is the estimated evapotranspiration and P(x, ?) is the potential evapo-
transpiration. When P (monthly total precipitation) > P(x, t), then E(x, t) = P(x, 1);
thatis W.(x, ) = 1. At P < P(x, t), E(x, t)/P(x, t) is defined as the regional moisture
index to reflect soil moisture, and in this case E(x, f) can be calculated by the
evapotranspiration model (equation (8)) (Zhou and Zhang 1995):

E(x,1) = {P X R(x,1) x [P* + (R(x,1))* + P x R(x,0)]}/{[P + R(x,1)]
x [P> + R(x, 1)} (8)

In equation (8), R(x, 7) expresses the net solar radiation in time 7 (MJ m~*/month).
P(x, t) can be calculated using equation (9) (Thornthwaite 1948, Chang 1989, Zhang
1990, Zhou and Zhang 1996):

P(x,t) =[E(x,t) + Eo(x,1)]/2 9

where Eo(x,1) =16 x [10 x T(x,1)/1(x)]"". a(x) and I(x) can be calculated by
equation (10):

a(x) = (0.6751(x)* — 77.11(x)* + 179201 (x) + 492390x10~° (10)

where I(x) = f: [T(x,1)/5)]"*". I(x) is the total heat index in a year and the
i=1

expression is true only when the air temperature ranges from 0°C to
26.50°C. T(x, t) is the temperature. When the air temperature is < 0°C,
Thornthwaite (1948) set P(x, ) to zero. When the air temperature is > 26.50°C,
P(x, t) increases with air temperature and thus is not affected by the value of /(x). In
this case, P(x, f) should be calibrated by actual sunshine hours and the number of
days in a month as A (x, ) = P(x,1) x C(x,1). C(x, t), when changing at different
latitudes, is the coefficient of sunshine hours and number of days in a month
(Thornthwaite 1948).

2.2.3 Estimation of the maximal light use efficiency. Three steps are required to
estimate €, (1) computing each pixel of APAR, T.(x, 1), T.»(x, t) and W.(x, 1);
(2) selecting suitable observed NPP data; (3) building an equation and computing &,,,,x
for different vegetation types according to the principle of minimal error between the
observed NPP and estimated NPP.

For one vegetation type, the error function, E(x), between the observed NPP, a, and
estimated NPP, b, can be expressed by equation (11):

E(x) = _la(x) = b(x) (11

where j is the number of observed NPP samples (1 — n) for the vegetation type.
Equation (11) can also be expressed as:
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E(x) = Z la(x) — EmaX(x)M(x)]z (12)

with emax € [[,u] and M (x) = A(x)T.1(x) T (x) Wo(x), where [/, u] is the closed range
of the possible e, (x). M(x) can be viewed as a constant and easily computed by the
methods described in §§2.1, 2.2.1 and 2.2.2.

Equation (12) can be expanded as:

n

E(x) =) emaux(x)’M(x)* =2 " emux ()M (x)a(x) + Y _ a(x)* (13)
=1 =1 =1
Since equation (13) is a one degree and quadratic equation with an upward opening, it
must have a minimal value between the closed ranges of [/, u]. In this case, the error
between the observed NPP and estimated NPP is minimal and e, is just the
estimated maximal LUE for the vegetation type.

3. Input requirements for the improved model
3.1 Remote sensing data

3.1.1 NDVI data set. The study areca spans six temperature zones (tropical zone,
subtropical zone, warm temperate zone, mid-temperate zone, cold temperate zone,
frigid zone) and is covered with abundant vegetation types. Although spatial resolution
of Landsat Multispectral Scanner (MSS), Landsat Thematic Mapper (TM) and SPOT
high-resolution visible (HRV) data is relatively high, their revisiting periods are rela-
tively long and do not meet the need of estimating monthly NPP and dynamically
monitoring NPP for a large geographical region. In addition, relatively high spatial
resolution tends to accentuate specific features and ignore macroscopical rules.
National Oceanic and Atmospheric Administration, Advanced Very High Resolution
Radiometer (NOAA/AVHRR) data have the characteristics of global cover, a short
revisiting period and spatial-temporal continuity, so they are the most effective data
sources for studying vegetation, climate and land surface changes (Hansen et al. 2000).
The NOAA/AVHRR NDVIimages with an original spatial resolution of 8 km x 8 km
came from the Pathfinder Data Set, which is a product of eliminating cloud contam-
ination and conducting atmosphere calibration developed by the Earth Resources
Observation System (EROS). The monthly maximal value composite (MVC) NDVI
data were taken from January to December in 1999. The spatial resolution of the NDVI
images was finally transformed into 0.075° x 0.075° with the geographic (latitude/
longitude) projection.

3.1.2 Land cover map. Land cover maps are mainly used to estimate the fraction of
photosynthetically active radiation and the maximal LUE. A land cover map with a
spatial resolution of 8 km developed by the University of Maryland (UMD; http://
glcf.umiacs.umd.edu/data/landcover/) has a global scope and is appropriate for
acquiring the parameters needed to estimate the NPP in the East Asia region. The
map classifies land cover in the East Asia region into 13 types: (1) evergreen needleleaf
forest (ENF); (2) evergreen broadleaf forest (EBF); (3) deciduous needleleaf forest
(DNF); (4) deciduous broadleaf forest (DBF); (5) mixed forest (MF); (6) woodland
(WL); (7) wooded grassland (WG); (8) closed shrubland (CS); (9) open shrubland
(OS); (10) grassland (GL); (11) cropland (CL); (12) sparse vegetation (SV); and (13)


http://glcf.umiacs.umd.edu/data/landcover
http://glcf.umiacs.umd.edu/data/landcover

08:28 28 April 2010

Downl oaded By: [CAS China Acadeny of Sciences] At:

Estimated NPP based on an improved CASA ecosystem model 4857

tundra vegetation (TV). Although we have corrected some areas of China in the
UMD Iand cover map according to Chinese ground investigation information, the
accuracy of the map cannot be greatly improved and the sites used to train the
classification algorithm are mostly distributed over the North American Continent,
so there may be some questions about its reliability when using the land cover map in
the East Asia region to estimate NPP.

We have another land cover map of China with a spatial resolution of 1 km, which
was provided by the Joint Research Centre (JRC, The European Union) and was
compiled by the Institute of Remote Sensing Application, Chinese Academy of
Science. The original remote sensing data used by the land cover map were from
SPOT-VGT in 2000 and the field investigation data show that its total classification
accuracy was 61.8%. The 22-biome land cover in the map includes needleleaf decid-
uous forest, needleleaf evergreen forest, broadleaf evergreen forest, broadleaf decid-
uous forest, bush sparse woods, seaside wet lands, alpine and subalpine meadow,
slope grassland, plain grassland, desert grassland, meadow, city, river, lake, swamp,
glacier, bare rock, gravel, desert, farmland, alpine and subalpine plain grass.

The two land cover maps were transformed into 0.075° x 0.075° with the geo-
graphic (latitude/longitude) projection. We use the UMD and JRC land cover maps
to compare the impact of different land cover classification accuracy on estimating
NPP.

3.2  Monthly meteorological data

The meteorological data required for inputting of the improved CASA ecosystem model
include the monthly average air temperatures, monthly total precipitation and monthly
total solar radiation in 1999. These data with a spatial resolution of 0.5° x 0.5° were
developed by the National Center for Atmospheric Research (NCAR, USA). These
gridded data were bilinearly interpolated for each pixel of 0.075° x 0.075° to match
NDVI data sets and their projection types are also geographic (latitude/longitude).

3.3 Selecting the observed NPP from NPP databases

The observed NPP data were mainly compiled from two NPP databases. One was
provided by the Oak Ridge National Laboratory Distributed Active Archive Center
on their website (http://www-eosdis.ornl.gov/NPP/npp_home.html). The other one
was provided by the former Ministry of Forestry of China and relates to six major
forest biomes, includes 690 terrestrial observed sites that lay out 17 forest types in
China and geographically pass across the north temperate zone in northeast China to
the tropical regions in southern China. Latitude, longitude, elevation, leaf area index,
total biomass, and total NPP are documented for each observed site. From these NPP
data sources, we obtained observed NPP for several countries and vegetation types
(shown in table 1).

4. Results and discussion

4.1 The maximal LUE (€,,,,) for different vegetation types

Table 2 shows the estimated e, for different vegetation types. Due to the lack of
observed NPP data for close shrubland, open shrubland, sparse vegetation and
tundra, their maximal LUE values were set equal to that of temperate zone grassland.
The mean observed NPP and the product APAR x T.; x T.; x W, for temperate
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Table 1. Numbers of study sites obtained from field-measurement NPP databases.

Country ENF EBF DNF DBF MF WL WG CS OS GL CL SV TV Total

China 67 120 20 305 18 - - - - 1 1 - - 532
Japan 10 - 7 5 2 - - - - - 2 - - 26
India - 5 - - - - - - - 10 1 - - 16
Russia 30 - 8 40 3 - - - - 1 - - = 82
Malaysia - 6 - - - - e 7
Thailand  — 8 - - - - - - - - - - 8
Total 107 139 35 350 23 - - - - 12 5 - - 671

grassland were 230.6 = 64.9 g C m? year ' (Fan ez al. 2003) and 427.7 MJ m ™2 year ™",
respectively. emax for the four vegetation types was set to 0.541 g C (MJ)™". epax Of
woodland was obtained from the mean value [0.572 g C (MJ)™'] for closed shrubland
and woodland. ¢,,,,, of wooded grassland was obtained from the mean value [0.557 g
C (MJ)™!] for woodland and closed shrubland. Although e,y of close shrubland,
open shrubland, sparse vegetation, tundra, woodland and wooded grassland was
obtained from other vegetation types because of lack of observed NPP, this does
not affect the applicability of the simulation method of e.,,x. In other words, the
number of observed NPP sites is very important for an accurate simulation of . if
the observed NPP represents the mean quality of the vegetation type.

4.2 Annual NPP

The spatial distribution of the NPP over the East Asia region in 1999 and the statistical
results are shown in figure 2 and table 3, respectively. The mean NPP over the study area
was 374.12 g¢ C m™> year ! in 1999. The mean NPP of evergreen broadleaf forest
(1215.82g C m™?) was the largest, followed by that of deciduous broadleaf forest
(567.90 g C m™), cropland (524.66 g C m™2), wooded grassland (445.94 g C m™),
woodland (409.38 g C m™2), mixed forest (407.00g C m™2), evergreen needleleaf forest
(330.38 g C m™2), deciduous needleleaf forest (298.25 g¢ C m™2), closed shrubland (266.39
g C m™>), tundra vegetation (243.39 g C m™), grassland (228.12 g C m?), and open
shrubland (144.14 g C m~?). The mean NPP of sparse vegetation (26.2 g C m ) was the
smallest. Climate conditions in the evergreen broadleaf forest distribution region are
suitable for perennial vegetation growth, so its mean NPP was higher. Cultivation
measures help to increase the yield of croplands, so the mean NPP of cropland was
also higher. Although the growth period of tundra vegetation is relatively short, its
mean NPP was higher than that of grassland and open shrubland. Figure 2 showed that
the mean NPP of many regions in the south area of 30° N was larger than in the north
area. The Tibetan Plateau and Taklimakan desert are low value regions of the mean
NPP in the study area. This spatial NPP distribution pattern is in accordance with that
of Bunkei and Masayuki (2002), who estimated the NPP for the East Asia region at
latitude 66° N-9° S and longitude 78-170° E.

The area of our study region comprises about 19.66% of the global terrestrial area,
and the total NPP in 1999 was about 1.096 x 10'* kg C year™", with 17.51-18.39% of
the global total NPP [(5.96-6.26) x 10'* kg C was reported by the Intergovernmental
Panel on Climate Change (IPCC) in the third NPP estimation]. Forests (including
evergreen needleleaf forest, evergreen broadleaf forest, deciduous needleleaf forest
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Figure 2. Distribution map of the annual NPP in East Asia, 1999.

Table 3. Mean and total estimated NPP of different vegetation types for the study area in 1999.

Land Mean NPP  Total of NPP
cover Area Number (gCm™ (10" kgC m™  Percentage  Percentage
type (10*km?)  of pixels year ') year 1) of area (%)  of NPP (%)
ENF 379.46 59290 330.38 1.25 12.95 11.44
EBF 151.78 23716 1215.82 1.85 5.18 16.84
DNF 245.48 38357 298.25 0.73 8.38 6.68
DBF 121.58 18997 567.90 0.69 4.15 6.30
MF 161.08 25168 407.00 0.66 5.50 5.98
WL 219.93 34364 409.38 0.90 7.51 8.21
WG 168.04 26257 44594 0.75 5.74 6.84
CsS 34.07 5324 266.39 0.09 1.16 0.83
(N 151.01 23595 144.14 0.22 5.15 1.99
GL 569.96 89056 228.12 1.30 19.46 11.86
CL 360.87 56386 524.66 1.89 12.32 17.27
SV 119.26 18634 26.20 0.03 4.07 0.29
TV 247.03 38599 243.39 0.60 8.43 5.49
Whole 2929.55 457743 374.12 10.96 100.00 100.00

study

area

and deciduous broadleaf forest) comprise 36.16% of the study area, and the forest
NPP makes up 47.23% of the total NPP of the study area. Forest areas and their total
NPP percentages are approximately in accordance with the results of Bunkei and
Masayuki (2002), in which the forests (including broadleaf and needleleaf forests)
comprise just 32% of the East Asia region and the forest NPP makes up 45% of the
total NPP of the East Asia region.
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Figure 3. Comparison of the estimated and observed NPP in the East Asia area. The average
errors for CL, DBF, DNF, EBF, ENF, GL and MF were 13.91, 6.17, -6.21, 7.24, -6.56, —=15.47
and 13.3%, respectively, and the average total error of the seven-biome land cover was found to
be 5.15%.

The total NPP of crops (1.89 x 10" kg C year™") was the largest, followed by that of
evergreen broadleaf forest (1.85 x 10 kg C year™), grassland (1.3 x 10" kg C
year '), evergreen needleleaf forest (1.25 x 10'* kg C year™"), woodland (0.9 x 10" kg
C year™"), wooded grassland (0.75 x 10" kg C year™"), deciduous needleleaf forest
(0.73 x 10" kg C year™), deciduous broadleaf forest (0.69 x 10'* kg C year™"), mixed
forest (0.66 x 10" kg C year™), tundra vegetation (0.60 x 10" kg C year™"), open
shrubland (0.22 x 10" kg C year™"), and closed shrubland (0.09 x 10" kg C year™).
The total NPP of sparse vegetation (0.03 x 10! kg C year ') was the smallest.

A scatter plot of the observed and estimated NPP is shown in figure 3. This figure
indicates that the estimated results in the total are reasonable and can be accepted
with an average error of 5.15% between the observed and estimated NPP. It should be
pointed out that the average error is due to the offsets of positive and negative errors,
and the errors of estimated total NPP for each vegetation type ranged from —15.47%
to 13.91% (figure 3). The reasons may be that: (1) vegetation type in the UMD map
may be misclassified; (2) the accuracy of other inputs such as meteorological and
remotely sensed data may result in errors in the estimated NPP; (3) low numbers of
representative observed NPP sample sites for biomes may cause errors in the esti-
mated NPP; and (4) even though the CASA ecosystem model at the stand level has
been developed in great detail, the difference in mechanisms between the model and
natural ecosystem may cause problems when using the model on a large geographical
scale. In addition, the precision of the estimated NPP outside of the observed sites
should be further verified by collecting observed NPP in future work.

4.3 Evaluating the effect of land cover map accuracy on the estimated NPP

There are some differences of classification standards between the two land cover
maps. Casually combining the classes may cause subjective errors, so we selected
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six-biome land covers of evergreen needleleaf forest, evergreen broadleaf forest,
deciduous needleleaf forest, deciduous broadleaf forest, grassland (including alpine
and subalpine meadow, slope grassland, plain grassland, desert grassland, and mea-
dow in the JRC map) and cropland to study the effect of classification accuracy on the
estimated NPP.

We used the two independent land cover maps (the China part in the UMD map
and the JRC map) to drive the improved CASA model and estimate the Chinese NPP,
with other input data and parameters unchanged. We assumed that the classification
of the UMD land cover map was correct. The estimated results by the two land cover
maps are shown in table 4. According to this table, compared with using the UMD
land cover map, use of the JRC land cover map resulted in underestimation of the
total NPP in evergreen needleleaf forest (24.15%), evergreen broadleaf forest (22.53%)
and cropland (15.06%) and overestimation in deciduous needleleaf forest (307.35%),
deciduous broadleaf forest (9.81%) and grassland (35.4%). The error of total decid-
uous needleleaf forest NPP is the largest (307.5%). The total NPP error of the six-
biome land covers in China is at an acceptable level (—2.60%) because of the offsets of
positive and negative errors.

A comparison of the JRC land cover map with the UMD land cover map in China
is shown in table 5. The numbers in parentheses are percentages of the total pixels of
the UMD map in the JRC map and in each class. The italicized numbers indicate the
correct classification for each class, and the remainders indicated misclassification.
The percentage of correct classification changed from 0 to 52% (table 5). The percen-
tage of misclassification of deciduous needleleaf forest is the highest and it was
completely misclassified in the JRC land cover map compared with the UMD land
cover map, in which it was mainly classified into evergreen needleleaf forest (44%) and
evergreen broadleaf forest (27%). Only 4% of deciduous needleleaf forest in the JRC
land cover map was correct by comparison to that in the UMD land cover map. This
indicates that the largest error in total estimated NPP for deciduous needleleaf forest
is mainly caused by misclassification. In general, the classification error of a land
cover map based on remotely sensed data should be less than 40% on a large
geographical scale. Therefore, the 307.35% of error in NPP estimation for deciduous
needleleaf forest cannot be accepted; it should also be less than 40%. The difference of
classification accuracy between the different land cover maps might be very large and
using only limited training sites distributed over Europe or the North American
Continent is not sufficient for development of a correct algorithm in China. On a
continental or global scale, training sites used to classify land covers should be chosen
by fully considering the spatial difference and the characteristics of all biomes.

The results shown in tables 4 and 5 indicate that the accuracy of the land cover map
is very important to estimate NPP more accurately and reliably for some regions, and
this is especially true for a particular biome. Furthermore, an accurate and reliable
land cover map can greatly reduce the uncertainty of the model.

5. Conclusion

Using a land cover map, NDVI data sets, monthly meteorological data and observed
NPP data, we improved the CASA ecosystem model in two aspects: (1) ignoring most
soil parameters and estimating the moisture stress coefficient based on the regional
moisture index (the ratio of regional actual evapotranspiration with potential evapo-
transpiration), which can preferably reflect regional moisture conditions and be
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conveniently and accurately computed by meteorological data; and (2) according to
the principle of minimal error between the estimated NPP and observed NPP, we
constructed an equation and obtained the maximal LUE for different biomes but not
the sole value [0.389 g C (MJ)™'] in the original CASA ecosystem model.

Using this improved CASA ecosystem model, we calculated the annual NPP for the
East Asia region in 1999. The mean NPP of sparse vegetation was the smallest (26.2 g
C m~2 year™ '), followed by that of open shrubland (144.14 g C m~2 year "), grassland
(228.12 g C m 2 year!), tundra vegetation (243.39 g C m 2 year '), closed shrubland
(266.39 g C m~2 year '), deciduous needleleaf forest (298.25 g C m™ year '), evergreen
needleleaf forest (330.38 g C m™2 year™ '), mixed forest (407g C m? year™'), woodland
(409.38 g C m~? year '), wooded grassland (445.94 g C m ™~ year™'), cropland (524.66 g
C m~2year™'), and deciduous broadleaf forest (567.9 g C m™ year™'). The mean NPP
of evergreen broadleaf forest was the largest (1215.82 g C m™? year'). The errors
between the estimated NPP and observed NPP for each vegetation type ranged from
—15.47% to 13.91%. Due to the offsets of positive and negative errors, the average
error between the observed NPP and estimated NPP is 5.15%.

Compared with the UMD land cover map, the percentage of correct classification
in the JRC land cover map changed from 0 to 52%, resulting in underestimation of the
total NPP in evergreen needleleaf forest (24.15%), evergreen broadleaf forest
(22.53%), cropland (15.06%) and overestimation in deciduous needleleaf forest
(307.35%), deciduous broadleaf forest (9.81%) and grassland (35.4%). An accurate
land cover map is important for estimating an accurate and reliable NPP, especially
for a particular biome.
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