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Abstract The ecological structure in the arid and semi-
arid region of Northwest China with forest, grassland,
agriculture, Gobi, and desert, is complex, vulnerable, and
unstable. It is a challenging and sustaining job to keep the
ecological structure and improve its ecological function.
Net primary productivity (NPP) modeling can help to
improve the understanding of the ecosystem, and therefore,
improve ecological efficiency. The boreal ecosystem pro-
ductivity simulator (BEPS) model provides the possibility
of NPP modeling in terrestrial ecosystem, but it has some
limitations for application in arid and semi-arid regions. In
this paper, we improve the BEPS model, in terms of its
water cycle by adding the processes of infiltration and
surface runoff, to be applicable in arid and semi-arid
regions. We model the NPP of forest, grass, and crop in
Gansu Province as an experimental area in Northwest
China in 2003 using the improved BEPS model, parame-
terized with moderate resolution remote sensing imageries
and meteorological data. The modeled NPP using
improved BEPS agrees better with the ground measure-
ments in Qilian Mountain than that with original BEPS,

P. Wang (X)) - Y. E

Chinese Academy of Meteorological Sciences,
Beijing 100081, China

e-mail: wangpj@cams.cma.gov.cn

D. Xie - Q. Zhu

State Key Laboratory of Remote Sensing Science, Jointly
Sponsored by Beijing Normal University and Institute of Remote
Sensing Applications of Chinese Academy of Sciences,
Beijing 100875, China

Y. Zhou

Joint Global Change Research Institute, 5825 University
Research Court, Suite 3500, College Park, MD 20740, USA

Published online: 16 April 2013

with a higher R? of 0.746 and lower root mean square error
(RMSE) of 46.53 gC m~? compared to R* of 0.662 and
RMSE of 60.19 gC m~? from original BEPS. The modeled
NPP of three vegetation types using improved BEPS shows
evident differences compared to that using original BEPS,
with the highest difference ratio of 9.21 % in forest and the
lowest value of 4.29 % in crop. The difference ratios
between different vegetation types lie on the dependence
on natural water sources. The modeled NPP in five geo-
graphic zones using improved BEPS is higher than those
with original BEPS, with higher difference ratio in dry
zones and lower value in wet zones.

Keywords Net primary productivity - Arid and semi-arid
regions - BEPS

Introduction

Vegetation is one of the most important assimilators of
carbon dioxide in terrestrial ecosystems. It plays an
important role in global matter and energy cycle, carbon
balance, and climate change. Plants assimilate carbon
dioxide in the atmosphere and incorporate it into the bio-
mass through photosynthesis, and part of the assimilated
carbon is emitted into the atmosphere through plant res-
piration (autotrophic respiration). The difference between
accumulative photosynthesis and accumulative autotrophic
respiration by green plants per unit time and space is
defined as net primary productivity (NPP) (Leith and
Whittaker 1975).

It has been a popular method to estimate regional NPP
using models. NPP models can be classified into three
types: statistical models, parameter models, and process-
based models. Statistical models, such as the Miami model
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and Thornthwaite Memorial model (Leith and Whittaker
1975), estimate NPP by establishing the statistical rela-
tionship between NPP and climate data. Though these
models show simplicity in NPP modeling, they can only
estimate the potential NPP but not the real NPP. Parameter
models, such as CASA, calculate NPP through the energy
conversion efficiency and the solar radiation absorbed by
vegetation (Potter et al. 1993). Because the parameter
models lack certain critical ecological processes using
empirical relationship and constant (e.g. light-use effi-
ciency) (Matsushita et al. 2004), they cannot explain NPP
theoretically and further limit their applications. Process-
based models are built based on physiological and eco-
logical processes. Photosynthesis, evapotranspiration,
autotrophic respiration, and dry matter partition are con-
sidered when estimating NPP in the process-based models,
such as FOREST-BGC (Running and coughlan 1988),
BIOME-BGC (Hunt and Running 1992), IBIS (Foley et al.
1996), and BEPS (Liu et al. 1997, 1999, 2002; Chen et al.
1999). In northern China, water plays a dominated role not
only in the distribution of vegetation but also in the rate of
change in the vegetated area (Zhang and Zhou 2011).
Especially in northwest China, water can fatally influence
crop productivity (Liu et al. 2011b) and exacerbate the
vulnerable eco-environment (Zhou et al. 2011). Even in
southwestern China, such as Guizhou province, the vege-
tation NPP in some less precipitation areas strongly
depends on the available water content (Wang et al. 2010).
Generally, those above models considered vertical move-
ment of rainfall from top to bottom when simulating water
cycling processes of land ecosystem. However, if the
effective rainfall is less than ecological water requirement
of vegetation, these process-based models may have some
limitations in the simulation of NPP, especially in complex
terrain (Soulis et al. 2000). It will underestimate soil
moisture content without the mechanistic horizontal
redistribution of soil water under the assumption of good
surface infiltration capacity (Ju et al. 2006).

Efforts had been attempted to build a distributed
hydrological model by considering the influence of the
lateral water flow in the simulating the detailed spatial and
temporal variation patterns of evapotranspiration (ET)
(Chen et al. 2005). Although this improved model had been
applied to estimate the ET in a small watershed in Sas-
katchewan, vegetation NPP was not simulated by coupling
three-dimension hydrological model. A coupled terrestrial
carbon and hydrological model (BEPS-TerrainLab model)
was developed to evaluate the topographic effects on NPP
in Baohe River basin, Shaanxi Province, northwest China
(Chen et al. 2007). The results showed that the average
NPP was overestimated by 5 % without consideration of
the topographic effects on the distributions of climatic
variables and ground water movement.
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In order to understand the impact of horizontal redis-
tribution of soil water on vegetation NPP in arid and semi-
arid region, Gansu Province in Northwest China is selected
for NPP modeling by considering the three-dimension
hydrological cycle in this paper. It is organized in four
sections following this introduction: “Study area” gives a
description of the study area; “Data and methods” details
the key input parameters, and introduces the approach to
improve the BEPS model according to the characteristics
of arid and semi-arid regions; “Results and discussion”
validates the modeled NPP with field measurements and
other modeled NPP, compares the modeled NPP using
original and modified BEPS, and analyses the spatio-tem-
poral patterns of NPP; The last section summarizes the
conclusions of this paper, and some limitations are also
discussed in the end of this paper.

Study area

According to geographical and climatic characteristics,
Gansu Province in northwest China, an arid and semi-arid
region, is ideal to test the BEPS model with the capability
of three-dimension hydrological representation. It was
selected to study the vegetation NPP by considering the
influence of lateral water flow based on the modified BEPS
model using meteorological data and remotely sensed
imageries. It will help to improve comprehension and
evaluation of ecological efficiency in arid and semi-arid
regions in Northwest China.

Gansu province lies in the Northwest China with the
terrain tilting from southwest to northeast. It is 1,600 km in
east—west direction and 530 km in north-south direction.
The total area is about 455,000 kmz, roughly 4.7 % of total
area of China. The study area is influenced by a temperate
continental climate, with warm to hot summers and cold to
very cold winters. The annual average air temperature is
between 0-14 °C, and the annual average precipitation
varies greatly from place to place between 42-760 mm,
with a decreasing trend from southeast to northwest. Most
of the precipitation is delivered in the summer months. The
sunlight is about 1,700-3,300 h annually, increasing from
southeast to northwest.! Every ten-day average temperature
and precipitation in 28 stations from January 1st 1960 to
December 31st 2010 were calculated and interpolated with
inverse distance weighted (IDW) method. The spatial
patterns of annual average temperature and precipitation in
Gansu province are shown in Fig. 1. From Fig. 1 we can
see that lower temperature regions mainly locate in
northwest for its high latitude and southeast for its high

! Source: Ministry of Commerce of the People’s Republic of China
Website (http://english.mofcom.gov.cn/aroundchina/Gansu.shtml).
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altitude. For the precipitation, obvious distribution pattern
related with latitude has been taken on. There is little
precipitation in high latitude regions and much in low
latitude areas.

The landscape is complex and diverse in Gansu province,
including mountains, plateaus, plains, river valleys, deserts,
and Gobi in staggered distribution Source: Ministry of
Commerce of the People’s Republic of China Website
(http://english.mofcom.gov.cn/aroundchina/Gansu.shtml),
with an elevation higher than 1,000 m in most of the areas.
The vegetation types vary with altitude and slope, forming a

vertical distribution of the desert—grass—forest structure
with the increasing of DEM. The land cover is derived based
on remote sensing images, vegetation distribution, and land
use survey data in 2000. The types include crop, forest, grass,
water, urban, and others. The spatial distribution of land
cover types and DEM in Gansu province is shown in Fig. 2.

For better understanding the spatial patterns of NPP in
Gansu province, we grouped Gansu Province into 5 zones
according to geographical landscape features and climatic
conditions, including climate, land cover, and topographical
conditions. They are Hexi Corridor and northern Mountains,
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Qilian Mountain, middle Loess Plateau, southern Mountain,
and southern Plateau (Fig. 3). The descriptions about 5 zones
are detailed in the followings2 (Liu 2010).

Hexi Corridor and northern Mountains, located in the
northern part of Gansu Province, is a long and narrow zone
from northwest to southeast. The elevation varies from
1,000 to 1,500 m. The climate is dry and cold, and the
sunshine is abundant.

2 Refer to: Baidu (http://baike.baidu.com/view/8461.htm) and Wiki-
pedia (http://en.wikipedia.org/wiki/Gansu).
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Zone of Qilian Mountain lies in the western part of
Gansu Province, the southern wing of Hexi Corridor.
Altitude in most area is more than 3,500 m and the
temperature is low. Influenced by climate and terrain,
vegetation distribution shows clear vertical distribution.
This zone is dominated by water conservation forest,
and Picea crassifolia is the typical vegetation in this
region.

Middle Loess Plateau locates in the eastern part of
Gansu Province, which is a basined plateau. The temper-
ature is low, and spatial-temporal variability of
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Fig. 3 Zonal map in Gausu
Province
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precipitation is high. Vegetation coverage is low in this
area for loose soil structure and low nutrient content.

Southern Mountain is the westward extension of Qinling
Mountains. It belongs to temperate and sub-humid areas,
where resources of water and forest are abundant.

Southern Plateau lies in the eastern part of the Qinghai-
Tibetan Plateau with an average altitude of over 3,000 m. It
is wet and cold being affected by the Mongolian anticy-
clone and continental cyclones.

Data and methods
Data

The major data used in this study include multi-temporal
LAI, meteorological data, and available water capacity
(AWC) data. Both meteorological and soil data are gridded
in the same resolution and map projection as remote
sensing inputs. The descriptions about the data are detailed
in the followings:

Multi-temporal LAI data

The multi-temporal leaf area index (LAI) data are one of
the most important inputs for both original and modified
BEPS models. We used MODIS 8-day LAI products
(MOD15A2) at 1-km spatial resolution in 2003 for NPP
simulation in this study. Meanwhile, multi-temporal LAI
data from 2002 to 2010 were used to model vegetation NPP
for spatial and seasonal analysis. All these data were pro-
jected to Albers Conical Equal Area (ACEA) projection.

Meteorological data

Ten-day meteorological data at 28 observed stations,
including maximum average temperature, minimum
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average temperature, average relative humidity, and total
precipitation, were retrieved from National Meteorologi-
cal Information Center in China (http://mdss.cma.gov.
cn:8080). Gap value was filled with the average of
neighboring 2 days for temperature and humidity, and
precipitation was filled with zero. After that, all meteo-
rological factors were interpolated using IDW method to
build gridded maps with same spatial resolution as LAI
inputs.

The solar radiance was calculated using latitude, ele-
vation, average relative humidity, maximum average tem-
perature, minimum average temperature, and average
temperature using Winslow’s method (Winslow et al.
2001):

Rs = chD(l - ﬁhTmax)QO (l)

where R; is daily solar irradiance at the earth’s surface; t.¢
is cloud-free atmospheric transmissivity; D is day-length
correction; (1 — phTm) is the drop in relative humidity
over the course of the day, where hTmx is the relative
humidity at the time of maximum temperature, and f3 is a
parameter varied with the sites, which can be described as
f = max{1.041,23.753 x AT /(Tmean +273.16)}, where
AT is the mean annual temperature range between Tp,x and
Tin, and Tiean 1s the average temperature; Qp is the total
daily solar radiation incident at the top of the atmosphere.
All those parameters can be calculated from the basic
meteorological data and geographical data mentioned
above.

AWC data

The AWC data were obtained by digitalizing the soil
texture map and building the relationship between
soil textures and soil water constant (Zhou et al.
2005).

@ Springer
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Methods
An overview of BEPS

BEPS model was built on a processed model, FOREST-
BGC (Running and Coughlan 1988). The biological, eco-
logical, and hydrological principles are adopted for mod-
eling the processes governing carbon and water flows in the
soil-plant—atmosphere system. BEPS is composed of four
sub-models, including canopy radiation sub-model, carbon
cycling sub-model, water cycling sub-model, and physio-
logical adjustor sub-model (Liu et al. 1997, 2002). In
recent years, BEPS was successfully used to simulate NPP
in different regions of East Asia with different spatial
resolution, such as in East Asia region with 1 km resolution
(Matsushita and Tamura 2002), whole China with 1 km
resolution (Feng et al. 2007), and Changbaishan Natural
Reserve and Dunhua county in Northern China with 30 m
resolution (Wang et al. 2007) and Qilian Mountain in
Northwest China with 15 m resolution (Zhou et al. 2007).
Meanwhile, the canopy radiation sub-model was modified
due to accidented terrain in Changbaishan Natural Reserve
in China (Wang et al. 2006), whose improvement has also
been used in this study.

Modification of BEPS model in Northwest China

The processes of water cycling are modeled considering
rainfall, canopy interception, snowmelt, sublimation,
evaporation, transpiration, and surface runoff in original
BEPS water cycling sub-model. Rainfall is the major
parameter in this sub-model. When it is raining or snowing,
parts of them are intercepted by canopy to vaporize or
sublimate, and others flow or melt into the soil to be used
by vegetation. When the precipitation is greater than the
largest water demand of vegetation, parts water will infil-
trate into the soil, and the excess water will flow into the
soil surrounding areas by surface runoff and subsurface
flow.

Two hypotheses were made when modeling water
cycling in original BEPS model. One is that the soil has a
high surface infiltration capacity, and the other one is that
surface runoff does not occur until the whole soil profile is
saturated at the computational time step. Thus, excess
rainfall goes into the soil through infiltration. Meanwhile,
surface runoff is so small as to be negligible. Some limi-
tations may exist for above assumptions. The soil surface
infiltration beneath forest vegetation is low in the moun-
tains for its critter crust (Zhang et al. 2011) and petrous
soil, especially in arid and semi-arid mountain areas with
coniferous forest in Northwest China. Thus, infiltration and
surface runoff may happen simultaneously when precipi-
tation occurs. Therefore, the assumptions in water cycle
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sub-model of original BEPS may be biased in arid and
semi-arid region in Northwest China, and improvement is
necessary for the NPP simulation.

Because of large relative altitude in mountain areas,
available water in forest vegetation comes from not only
vertical precipitation over land surface but also surface
runoff in surrounding areas (Fig. 4). Evapotranspiration
and evaporation processes were modeled in the original
BEPS by a modified Penman—Monteith formula. The pro-
cesses of surface runoff and infiltration were not considered
in the original BEPS model as mentioned. To overcome
this shortcoming, the water cycling sub-model in the BEPS
was improved by adding the processes of surface runoff
and infiltration to account for complex processes under
accidented terrain.

1. Infiltration process

The surface infiltration is related to not only rainfall
intensity but also soil texture and available water content.
Based on different surface experiments and watershed
observed data, the surface infiltration process can be
modeled as below (Eq. 2) (Liu et al. 2008).

f=R-P 2)

where f is soil infiltration (mm), P is rainfall (mm), and
R and r are empirical coefficients which can be obtained by
look-up table with land use/land cover and antecedent soil
moisture.

In fact, the effective precipitation, which will be avail-
able in the process of soil infiltration, is the part of pre-
cipitation after interception and lateral supply. A further
improvement in our study was attempted to account for the
infiltration process. The rainfall in Eq. 2 is replaced with
effective precipitation, which is the difference between
rainfall and canopy interception (Eq. 3):

evapotranspiration ; : .+ Rainfall / snow

\_v_/

effective precipitation

understorey

Unsaturated A SRR RY
.. ‘|- - infiltration ~{:
Zone of soil

Fig. 4 Sketch map of water cycling process for vegetation under
accidented terrain. The black arrows denote the water supply source
in forest area (rainfall, or surface runoff), and red and blue arrows
indicate the water export
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f=R-(P=1I) (3)

in which, 7 is the canopy interception (mm).

The canopy-intercepted precipitation (/) is disposed as
original BEPS, assuming to be proportional to leaf area
index (LAI), which is constrained by precipitation (Liu
et al. 2003):

I = min(LAI X biy x 10, P) (4)

where b, is the precipitation interception coefficient (mm/
LAl/day) and LAI is the leaf area index (cm/cm). Daily
canopy precipitation interception is calculated and then
summed up to 10-day level. The function min takes the
minimum of the two parameters.

The total water supply source available can be expressed
as the sum of effective precipitation and surface runoff
coming from neighboring pixels in prior time r—1 (Q,—1).
So Eq. (3) will be explained as (Eq. 5):

f=R-(P-I1+Qi1) (5)

2. Surface runoff

Surface runoff can be expressed as the difference between
available water supply source and infiltration according to
the water balance equation. In our study, the surface runoff
is expressed as:

Qt:(P_I'FQtfl) _f
=P—-1+0Q1)—R-(P—1+0:1) (6)

where @, is surface runoff going out surrounding pixels in
current time #.

3. Flowing direction

A window of 3 x 3 pixels was used to calculate the
flowing direction based on DEM data. The differences of
digital elevation were calculated between the middle pixel
and neighboring eight pixels. The maximum difference
(filled with diagonals) was chosen as the flowing direction

1025 | 1022 | 1009 1025 | 1022 | 1009

1012 | 1000

1001

Fig. 5 Determination of flowing direction in a window of 3 x 3
pixels: a one maximum difference, and b N maximum differences
(N = 2 in this figure)

1002 1012 | 1000

b

1002

1002 1002

(Fig. 5a). The resulted surface runoff was added into the
available water supply source in this pixel in next time
step. If the pixel’s numbers of the maximum difference
were more than one, denotes as N, the surface runoff would
be averaged by those pixels equally (Fig. 5b, N = 2). The
average surface runoff would be added into the available
water supply source in this/those diagonal pixel(s) in the
next time step.

Results and discussion
Modeled NPP

Ten-day NPP in Gansu Province, Northwest China in 2003
was modeled using MODIS LAI products (MOD15A2),
interpolated meteorological data, and other input parame-
ters based on the modified BEPS. The NPP result was
compared with modeled NPP in other studies (Table 1).

We can see that NPP in this study is slightly higher than
those in Qinghai-Tibet Plateau and the north piedmont of
Tianshan Mountains for forest vegetation. Compared with
average NPP of forest vegetation in western China, mod-
eled NPP in this study is lower, while it is in the range of
estimated NPP for the whole China. Modeled NPP of grass
is comparable to estimated NPP by Zhang and Pan (2010)
in the north piedmont of Tianshan Mountains, and higher
than the estimation in other studies in Table 1. In terms of
crop, modeled NPP in this study is still close to the esti-
mation by Zhang and Pan (2010), slightly higher than that
by Sun and Zhu (2000), and lower than that by Liu et al.
(2011a) and Lu et al. (2005).

The modeled NPP was further validated using 14 ground
measurements through tree ring data in 2003 (Fig. 6). The
locations of 14 validation sites are shown in Fig. 2b.
Detailed descriptions about measured NPP can be found in
the literature written by Zhou et al. (2007). The RMSE
(Root Mean Square Error) of modeled NPP are 60.19 and
46.53 gC m~2 using original and modified BEPS, respec-
tively. The R”> between measured and modeled NPP is
0.662 using original BEPS, and it increases to 0.746 using
modified BEPS. The findings from this study indicate that
the modified BEPS performs better than the original model
in NPP modeling in arid and semi-arid region in Northwest
China.

NPP of vegetation types
Simulated NPP of different vegetation types were com-
pared for original and modified BEPS. Meanwhile the

difference ratio was got with Eq. 7. The results were shown
in Table 2.
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Table 1 Comparison of modeled NPP (gC m ™2 a~ ") using modified BEPS and other studies

Researcher Model Period Region Forest Grass Crop
Sun and Zhu (2000) Improve CASA 1992 China 400-972 116-191  313-400
Liu et al. (2011a, b) CASA 2003-2007  China 446-1,066  219.13 472.62
Piao and Fang (2002) CASA 1982-1999  Qinghai-Tibet Plateau, China 413.84 176.00 175.00
Lu et al. (2005) C-FIX 2002 Western China 632.55 172.61 492.00
Zhang and Pan (2010) NPP-PEM 2002 The north piedmont of Tianshan Mountains ~ 422.57 156-344  375.27
Our study Modified BEPS 2003 Gansu Province in Northwest China 475.61 283.76 413.95
600 difference ratio of crop NPP is the smallest among three
S ssof ¥ 0.96x - 18. 898 " vegetation types. At the same time, smaller runoff at rel-
& stk R* = 0.662 atively flat terrain may be another reason for smallest NPP
S RMSE = 60. 19 difference ratio in some non-irrigated cropland areas.
2% 450 - P < 0.001 While NPP of natural vegetation, such as forest and grass,
E qoo} n= 1 - are affected largely by precipitation in arid and semi-arid
T 350k regions with a higher difference ratio of over 8 %.
©
7 O NPP in five zones
‘o oos0t ‘
200 1 L 1 = Modeled NPP using modified BEPS was generally higher
200 300 400 500 600 than that using original BEPS in five zones (Table 3). The
measured NPP /¢C/ (m?a) largest difference of modeled NPP using original and
600 modified BEPS occurs in the zone of Hexi Corridor and
~ 550 L ¥ = 0.9084x + 18.901 - northern Mountain, with ratio up to 14.12 %. In the zone of
«: R:=0.7486 Hexi Corridor and northern Mountain, annual precipitation
g 500 I RMSE = 46.53 is <100 mm. When the surface runoff from neighboring
% 450 P < 0.001 pixels is available for vegetation growth, higher and more
E a0 | »= M accurate vegetation NPP can be modeled using the modi-
9 350 | . fied BEPS. The same reason is applicable in the zones of
£ Middle Loess Plateau and Qilian Mountain, where the
"E' 0. annual precipitation is <300 mm. In these two zones, the
o250 F b difference ratios of simulated NPP are 7.85 and 7.72 %,
200 - L . respectively. While in the zones of Southern Plateau and
200 300 400 500 600 Southern Mountain, the difference ratios of simulated NPP

measured NPP /gC/ (m?a)

Fig. 6 Comparison between modeled and measured NPP using
original (a) and modified (b) BEPS

D, = %PTPR x 100% (7)
where NPP,, and NPP, are simulated NPP with modified
and original BEPS, respectively.

The modeled NPP of all vegetation types with modified
BEPS are slightly higher than those using the original
BEPS (Table 2). The difference of forest NPP is the largest
among three vegetation types with a difference ratio of
9.21 %, grass followed by a ratio of 8.10 %, and crop NPP
is the lowest with a ratio of 4.29 %. NPP of crop, an irri-
gative agricultural type, in Gansu Province is influenced
hardly by precipitation. This is one of the reasons that the
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are <5.20 % because of their abundant precipitation, which
are more than 450 mm.

Spatial distribution

We modeled annual NPP using the modified BEPS in
Gansu province from 2002 to 2010, and analyzed the
spatial pattern of average NPP over 9-year period (Fig. 7).

The 9-year average NPP of vegetation ranges from 100
to 600 gC m~2 a~' in Gansu Province. The NPP displays a
decreasing trend from south to north.

It is wet and cold being affected by the Mongolian
anticyclone and continental cyclones in Southern Plateau.
It has been one of the most important forestry and animal
husbandry bases in Gansu Province for its rich forestry
resources and vast grasslands. The annual NPP in this zone,
which is more than 550 gC m~2a~! in most areas, is
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highest among the whole Gansu Province for its abundant
precipitation.

The resources of water and forest are abundant in the
region of Southern Mountain. The annual NPP of vegeta-
tion in this zone is more than 500 gC m 2 a~' for its
favorable hydrothermal conditions.

Zone of Qilian Mountain is dominated by water con-
servation forest, and Picea crassifolia is the typical vege-
tation in this zone. Annual NPP of forest ranges from 200

Table 2 Modeled NPP (gC m™> a™') using original and modified
BEPS and their difference ratios (%) for different vegetation types

Vegetation NPP using NPP using Difference
type original BEPS modified BEPS ratio (%)
Forest 435.50 475.61 9.21
Grass 382.92 413.95 8.10

Crop 272.10 283.76 4.29

Table 3 Modeled NPP (gC m ™2 a~') using original and modified
BEPS and their difference ratios (%) in five zones

to 600 gC m~2 a~' due to the large difference of altitude
and dramatic change of temperature.

The annual NPP of vegetation ranges from 150 to
450 ¢C m~2 a~ ' in Middle Loess Plateau zone, decreasing
from south to north and from west to east for its low
vegetation coverage and soil nutrient content.

Hexi Corridor and northern Mountains is an irrigation
agricultural area and has been a major foodstuff base in
Gansu Province. Without considering irrigation in the
modified BEPS, the modeled NPP is about
100-300 gC m~2 a~', which may be smaller than the real
NPP.

Seasonal pattern of NPP

Modeled NPP in Gansu province using the modified BEPS
model was evaluated in terms of its seasonal patterns
(Fig. 8). Twelve months were aggregated to four seasons
(3,4,5 for spring, 6,7,8 for summer, 9,10,11 for autumn,
and 12,1,2 for winter). The modeled NPP shows significant
seasonal pattern in the whole Gansu Province, except Hexi

Zone NPP using NPP Difference  Corridor and northern Mountains due to limited precipita-
%régpnslal “s“(‘fﬁ d ratio (%) tion and low vegetation coverage.
modiie . . . .
BEPS In spring, snow begins to melt and vegetation is grad-
ually growing as temperature rises. Vegetation in southern
Hexi Corridor and 278.54 317.88 14.12 Mountain grows quickly and the NPP in part of this area
r.lorthem Mountains reaches to 180 gC m~2. In zone of southern Plateau, NPP
M.u.idle Loess l."lateau 237.18 255.79 7.8 ranges from 60 to 180 gC m™ 2. Vegetation in the zones of
Qilian Mountain 257.17 277.02 772 Middle Loess Plateau and Qilian Mountain grows slower
Southern Platean 585.98 iy 481 relatively. The NPP in these two zones are about
Southern Mountain 325.46 352.36 3.12 20 gC m 2 and can reach up to 100 gC m™? in some areas.
Fig. 7 Spatial distribution of 93°E PEE 99°E 2B 105°E 108°E
9-year average NPP in Gansu
province
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39° N 5 - 39° N
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Fig. 8 Seasonal NPP of vegetation in Gansu province (a spring, b summer, ¢ autumn, and d winter)
Fig. 9 Modeled NPP and its ——NPP(gC * m"-2) ======= Prec (mm) —#%— Tavg('C) —S—LAI
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key drivers in four seasons and c 450
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The growth rate of vegetation speeds up for its abundant
thermal and hydrological resources in summer. The fast
growth zones concentrate in Qilian Mountain, southern
Mountain, and southern Plateau. Vegetation NPP in those
zones reach to 200 gCm™2 and even more than
400 ¢C m~ in the summer time. NPP in Middle Loess
Plateau, Hexi Corridor, and northern Mountains in the
summer time can reach to 100 gC m™2.
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In autumn, as the temperature and precipitation decrease,
vegetation growth rate slows down. NPP is <260 gC m ™2 in
the whole Gansu Province in the autumn time. The remark-
able reduction of NPP occurs in zones of southern Mountain,
southern Plateau, and Qilian Mountain, where NPP decrease
to 80-260 gC m™2, compared with the summer time. In
Middle Loess Plateau, Hexi Corridor, and northern Moun-
tains, NPP decrease to <80 gC m™? with the crops harvest.
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NPP in winter is low (<5 gC m~?) in most parts of
Gansu province because of low temperature. Only in some
areas of southern Mountain, NPP is close to 5-20 gC m”2.

Seasonal NPP of vegetation and its key impact factors,
including seasonal temperature, total precipitation, and
average LAI, in five zones are shown in Fig. 9. The sea-
sonal trends of NPP and LAI in five zones are apparent
with high values in summer and low values in winter, so
are seasonal temperature, precipitation, and LAIL

Conclusions

In this study, the BEPS model is improved to simulate the
NPP of vegetation in arid and semi-arid region in North-
west China. In order to better understand the impact of the
characteristics of geography and climate on NPP simula-
tion, the processes of infiltration and surface runoff were
introduced into water cycling sub-model in the BEPS. NPP
in Gansu Province, Northwest China was modeled using
the modified BEPS at moderate spatial resolution from
2002 to 2010. The spatial pattern of modeled NPP shows
that high values centralized in the high altitude areas with
growing forest and grassland, and the low NPP generally
distributed in Hexi Corridor and Northern Mountains with
its sparse vegetation coverage. Meanwhile, evident sea-
sonal trend of modeled NPP was found with high NPP in
summer and low value in winter.

The findings in this study indicates that three-dimension
hydrological model, especially the processes of infiltration
and surface runoff, should be considered to accurately
model the vegetation NPP in arid and semi-arid regions. In
the case of this study, when modeling NPP in area with
large variation of elevation, ground water hydrology cannot
be ignored for better understanding of its contributions to
vegetation growth.

In this paper, although we modeled NPP for all types of
vegetation in the study area, only NPP of forest was vali-
dated using ground measurements due to data availability.
More work should be done in the future to acquire more
field measurements not only in larger spatial ranges but
also for more vegetation types, which will be helpful to
model the NPP of different vegetation types in arid and
semi-arid regions more scientifically and reasonably. Fur-
ther validation for all vegetation types will help us to
obtain a more complete picture of the spatial pattern of
NPP, especially in the area with mixed vegetation types.

Another thing is that irrigation was not considered due
to the lack of irrigation data when modeling NPP of crop.
To improve the NPP modeling of crop in arid and semi-arid
regions, information of farm management, including irri-
gation time, amount, and frequency, needs to be collected
in the future. Thus, water cycling sub-model can be

improved further by adding irrigation information in the
irrigative agricultural area.
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