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Preface

Drought is a natural reoccurring phenomenon in a region during which the land
ecosystem suffers from insufficient water supply and can be thought as a periodic
climatic phenomenon. Drought is directly caused by less rainfall during a long period
such that the supply of water resources can not satisfy the need of land ecosystem.

Drought is one of the main natural disasters that human being has suffered since the
ancient era. Even in nowadays with well developed science and technology, drough.t
is still the most serious natural disaster that affects agriculture production and human
lives. The frequently occurred droughts and desertification events have become the
major wotldwide environmental and climatic problems in recent year. With the rapid
increase of the global population and the economic development, the shortage of
water resources has become the most serious problem in the new millennium. Such
shortage will directly enlarge the areas already threatened by droughts and enhance
the drought severity, and consequently the continuous development of social
economy and the existence of human living environment will be threatened.

Since the most part of continental China is located in the monsoon climatic zone,
where the seasonal and yearly variations of the precipitation are nototious and the
spatial and temporal distributions inhomogeneous, large-scale drought disasters
frequently occur over the continental China. From historical records, 1056 drought
events occurred in the 2155 years from 206 BC to 1949, with one major drought in
every two years. The situation is getting even worse since 1949, with the drought
affected area reaching about 300 million MU (15 MU = 1 hectare) every year, the
grain yield loss caused by the drought is about 10 billion JIN (2 JIN = 1 Kilogram).
Especially since the 1990s, nationwide droughts occur year after year, causing more
and more grain yield losses. Drought disaster has become a key factor constraining
the sustainable development of social economy. According to the forecast, the
Chinese population will increase to 1.6 billion by the end of 2040. With this increase
of population, shortage of water resources, droughts and food security will become
the most concerned issues. Thetefore, researches in droughts and development of
methodologies for large-scale drought disaster monitoring and early warning in order
to teduce the damages caused by drought become important and significant both in
theoretical development and practical applications.

According to the practical requirements for drought mitigation, the Water Resources
Information Center of the Ministry of Water Resources of China (WRIC/MWR}) has
developed a hydrological and meteorological drought monitoring operational system
in 1996 based on a river basin hydrological model. In this system the potendal
evaporation and soil water content are derived with a hydrological model using
inputs from in-situ meteorological measurements and precipitation. The derived soil
water deficit is defined as a drought severity index and is used for the pationwide
drought severity assessment and monitoring. This system automatically operates on
the basis of the real-time precipitation and meteorological database and produces
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daily nationwide soil water deficit, and has been used to advise the drought
mitigation in China for many years. However it is felt that there are problems in two
aspects that need to be improved: (1) The spatial resolution of derived product is
low; the soil water content is derived from only 590 rain-gauge observation sites, thus
its regional representativeness 1s very poor and it is very difficult to extract the soil
water deficit at the desired site in tme. {2) The hydrological model used in this
system is a singe-point model, so that the nationwide soil water deficit is detived by
interpolation between the point calculation, and can not reveal the actual spadal
situation of soil water deficit realistically in dme.

In recent years, Wageningen University and Research Center, Alterra Green World
Research in the Netherlands (WUR/Alterra) has achieved notable advances in the
applications of satellite remote sensing and has successfully developed a technique on
the estimation of drought characteristic parameters, including the land surface
albedo, leaf area index, land surface temperature, sensible heat flux, latent heat flux,
evaporative fracdon and soil wetness. They have also conducted many excellent
rescarches on atmospheric cotrection of satellite remote sensing data and
development of remote sensing image processing software, as well as on microwave
soil moisture retrieval. Therefore, both WRIC/MWR and WUR/Alterra have done
large amount of work and are mutually complementary on the research and
cooperation in large-scale drought monitoring.

In order to import this advanced drought monitoring technique and apply for the
nationwide drought monitoring, a project was funded in June 2000 by the National
94.8 Foundation of the Ministry of Water Resources of China. The main goal of this
project is to study and import the advanced technique of WUR/Alterra to retrieve
the land surface parameters and process the satellite remote sensing images and to
improve the ongoing drought monitoring system at WRIC/MWR with the imported
technique for providing more directly, more objectvely, more completely and more
precisely nationwide drought information services.

The project is divided into three phases detailed as following:

First phase (June 2000 to April 2001):

Objective: the design and preparation of the relevant technique for the endre system.

The main results are

(1) The data preparation and collection of two years' NOAA/AVHRR, Geostationary
Meteorological Satellite data, in-situ precipitation and evaporation etc. data.

(2) The first technical team (four persons) visited WUR/Alterra for one week to
understand the theory on drought monitoring and remote sensing image
processing and outlined the project technique design; a system structure diagram
and data flowchart for the project were drawn and the implementadon plan for the
technique import and the master working plan were developed.

(3) WUR/Alterra expert visited WRIC/MWR and gave the relevant lectures and
technical instructions; the detailed technique and outline of the project were
further discussed and addressed.
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Second phase (May 2001 to November 2001):

Objective: The transplantation and modification of the technique and software

package, the main results are

(1) The second technical team {four persons) visited WUR/Alterra for five weeks to
modify SEBS 8.0 (Surface Energy Balance System, version 8.0) from the local
application to nationwide application and adaptaton for automatic operation
requirements. The computatonal cost became more economic after the
modification to original source code.

(2) According the requirements of SEBS and the practcal situadons in China, an
image preprocessing program has been produced for preprocessing the raw
NOAA/AVHRR data received in China.

(3) Sensitivity analyses: As the process of SLEDBS operation is very complicated,
involving many parameters and requiring long CPU dme, high computational
capacity is desired. To increase the computational efficiency, the parameterizations
for the several parameters with lictle etfects on the final results have been
simplified through sensitivity analysts.

(4) Importation of the ENVI software package to establish the SEBS operational
environment. A WUR/Alrerra expert visited WRIC/MWR and gave instructions
in November 2001. An algorithm for processing the meteorology data has been
developed during this visit. Both sides installed and transplanted the SEBS
software package at WRIC/MWR.

Third phase (December 2001 to April 2002):

Objective: This phase is aimed at the analysis of final computational results, the

improvement of methodology and the feasibility of practical operation.

Transplantation of the Harmonic ANalysis of Time Series (HANTS) software

package and the compilation of the final report.

(1) The third technical team (5 persons) visited WUR/Alterra for four weeks to finish
computation for two-month's data; the preliminary computational results have
been analyzed.

(2) WUR/Alterra and WRIC/MWR discussed and addressed how to improve the
methodology based on the final computational results.

(3) WUR/Alterra and WRIC/MWR discussed and outlined the final project report
and finished the compilation of the technical report by the end of April 2002,

This technique import project has got strong supports from WRIC/MWRC, HUC and

WUR/Alterta during its operational period. The project team would like to express
sincere thanks to all the supports.
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1 Introduction

1.1 Drought disaster in China

Drought is a complex natural disaster, the definition of which depends largely upon
practical applications. In general drought is caused by rainfall shortage when rainfall
is lower than the climatic mean value. The impacts of rainfall shortage depend upon
the meteorological conditions, ecosystem types and social economical environments,
The drought disaster are currently defined or generally recognized as following five

categories:

(1) Meteorological drought identified according to the local precipitation, which is
defined when the local precipitation is lower than the climatic mean. It is also
expressed with the combination of air temperature and rainfall abnormality
sometimes.

(2) Agricultural drought identified according to the soil water content and crop water
requirement. When the local rainfall and soil water content can not supply
sufficient water to the plant during its key developing period, the growth of the
plant will then be affected and its producton reduced.

(3) Hydrological drought identified according to runotf and groundwater, which is
defined with one or more hydrological factors, such as runoff, water storage and
groundwater level,

(4) Social economical drought identified according to the water resources
requirement and supply. It's defined with water supply anomaly or the gap
between the available and the expected supply and can be derived from social or
economical indices.

(5) Climatic drought identified according to land surface water and energy balance.

The most region of continental China is located in the monsoon climate zone, where
the precipitation is inhomogeneous in temporal and spatial distribution. The annual
rainfall events are concentrated in 2-3 months in the monsoon season, and make up
more than 70% of the annual precipitation. Especially in the northern China area, 80-
90% of annual precipitation may be accumulated in one or a few large rainfall events,
while the other period suffers long time drought. China is a country with less rainfall
when compared to other countries in the world. The average rainfall per capita in
China is only 5006 m®, while the global average is 33975 m’, such that China only
makes 15% of the world average rainfall per capita. From the availability of warter
resources, China has only 2300 m’ water resources petr capita, about one-fourth of
the world average and is ranked in 109" position allover the world. The available
water resources is only 1900 m per MU in land, also only one-fourth of the world
average. In addition, due to the rapid social economical development of utbanization,
the requirement for water resources increases continuously.

On the other hand, the regional distribution of the average available water resource
per capita differs hugely from region to region. For example, it is only about 500m’
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per capita in northern China where the economy is well developed and population
density is very high, The water resources availability per hectare is even less
amounting to only 6750m’/hectare in this region. In the northwestern China, the
average water resource is relatively high per capita and per hectare because of the
smaller population, but the density of water resources is very sparse, causing
difficulties to the development and utilization of water resources. Therefore, China is
not only 2 country where drought disasters are potentially very frequent, but it is also
a country that suffers easily from drought disasters.

The most serious droughts almost occurred every two years since 1949, with the
average affected area reaching about 3.0321x10° MU, accounting about 59.3% of the
area affected by climatic disasters. The most seriously affected area makes up more
than 5.0x10" MU in 1956, 1960, 1961 and 1978, with direct grain loss of above
1.0x10" kg. Among all natural disasters, drought disasters have the biggest impacts
to the agriculture production. At present, the shortage of water resource is about 30
billion m’ in the irrigated agricultural area, the grain loss caused by drought disasters
amounts 10-15 billion Kg annually. Since the 1990s, the area affected by droughts
increases to 24 million Km?, and is 1.5 times larger than that in the 1950s, and the
entire drought affected area enlarges 3 times. In the first four year of the 1990s, the
grain loss caused by droughts reaches 35 billion Kg every year. Currendy 65 million
people and 60 million livestock are still suffering from the shortage of drink water.

In 2001 the area affected by drought disasters was the largest in the whole Chinese
history. Most area in China suffers from continuous drought in this year, the drought
affected area is more than 0.35 billion MU, among which 0.33 billion MU is dry land,
0.02 billion MU is irrigated land. The drought affected area were distributed in
northeastern China, in the Huanghe river and Huaihe river basins and in
southwestern China, and is the third year in a row with drought disasters. The main
reasons are: The water storage in the reservoir of northern China was too low
because of the serious drought in the year before; the precipitation was less than that
in the normal years; the water storage in May 2001 was 20% less compared to the lase
years; The strong wind and spring sandstorm occurred in the northwestern region
that accelerated the evaporation and enhanced the drought severity furthermore.

The drought disasters have the following characteristics in China:

(1) Large in area and inhomogeneous in regional distribution

It is reported that 27% of the irrigated land is affected by flooding and drought
disasters every year all over the country, among which 60% of them are drought
affected area, which indicates that drought affected area is very large. Drought occurs
all over the country but it is inhomogeneous in regional distribution. The Huang-
Huai-Hai rivers region makes up 50% of the whole drought affected arca. The
middle and upper parts of Yangtse river basin are also frequently affected by
droughts. These two regions make up 60% of the whole drought affected area in
China,
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(2) High occurrence and long duration

China’s large territory is characterised by complicated topography and its climate is
mainly controlled by monsoon. Local and regional droughts occur almost every year.
For example, the northern, northeastern and southern China suffered from droughts
for 8 years in the 13 years from 1979 to 1991, In addition, droughts lasted for two
years to the south of the Yangtse river, for two years across the whole country and
for one year in the whole Yangtse river basin. In northern China during 1951-1980,
large regional droughts prevailed for 12 years, medium droughts lasted for 11 years,
and local droughts occurred in 7 years. In the same period, the Yangtse river basin
suffered from twenty-eight years droughts of different degrees.

In temporal scale, the drought disasters may occur during the spring-summer,
summer-autumn or even spring-summer-autumn periods all over the country. For
example, drought disasters usually last for one to two moaths or four to five months
in the northern China. The duration can be even longer in some years. Such as in
1957, 1965, 1968, 1972 and 1986, the droughts lasted for five to seven months. Hot-
summer droughts usually occur in the Yangtse river basin, but some regions within
the river basin have also suffered continuous long-duration droughts. Such as in
1998, hot-summer drought occurred in the Yangtse river basin, but in the provinces
Hunan, Hubei, Shanghai, Jiangsu, Anhut and Guizhou continuous desughts occurred
lasting longer than 40 days and even 50-70 days in some regions. In June-August
1994, the Jianghui region has suffered serious hot-summer droughts. The droughts in
Anhui, Jiangsu, Hubei provinces lasted for 40-50 days and even reaching two months
in some areas. In the same year, spring droughts also occurred in many areas, and the
autumn droughts covered even more areas distributed to the south of Yangtse river,
in south and north China and in the east part of the northeast region.

(3) Drought accompanied often by simultaneous high temperatures

During many drought disasters, high temperature often occurs simultancously, which
in turn enhances the drought severity. Such sitwations are most obvious in the
Yangtse tiver basin. Such as the summer drought occurred in June-August 1985, the
air temperature was very high during this period with daily average temperature
higher than 30 "C. The extreme temperature reached 38 - 40 C in northeast,
southeast of Hubei and in the Three Gorges region. The air temperature was higher
than 38°C in Chongging in the drought period. The air temperature reaches 40-41°C
in Fulin and Wanxian cities. For seven days, the air temperature reached 35-37 'C in
Hangzhou city. High air temperature accelerated the evaporation and enhanced the
drought severity. Serious droughts occurred in May-October 1965 in northern China,
when the average air temperature was 1-2 C higher than that in a normal year, the
days with high air temperature (2 35°C) counted 10-35 days and were 5-18 days
longer than that in a normal year. In the example mentioned previously, when
droughts occurred in the Jiang-huai basins in 1994, high air temperature also

occurred with 20-40 days of high temperature (235 aC).
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1.2 Drought monitoring technique and its development

The traditional drought monitoring method is based on the soil water content
measured with the gravimetric method or with a neutron probe. The sampling
efficiency of these methods are very low, costing a lot of manpower and finance; the
regional representativeness of the ground measured data is very poor and difficult for
large scale applications. For many years, scientsts have explored and arrived other
more efficient methods for monitoring drought. In 1965, Palmer gave a definidon
for drought which meant a continuous and abnormal water deficit (Palmer, 1965).
Starting from this idea and based on water balance taking consideration of
evapotranspiration, runoff and soil water content, a drought severity index could be
defined from hydrological computation and statistics, this is the so-called Palmer
Drought Severity Index (PDSI). PDSI has been widely used to describe the drought-
affected area and severity in America for many years and is well-known in the world.
Its suitability has been tested in Australian, Canada and South Africa. An (1986) used
PDSI to analysis of wet and dry climate and assessment of climatic impacts. Yu
(1996) proposed a modified Palmer Drought Severity Index model after tested it at
14 sites in China. The result showed that PDSI could be used as an effective tool to
monitor regional drought in China. However, the computation of PDSI is very
complicated and many parameters are not easy to acquire. In addition, due to some
assumptions and subjectivity exist in model establishment and water balance
computation, it is only suited for drought monitoring at regional scale but not for
real-time large scale applications.

Researchers from Liaoning Hydrology Survey and Design Institute, Sichuan General
Hydrology Station and Shaanxi General Hydrology Station have developed local
agricultural drought models. The basic principles of these models have taken into
account of the relationship between the long term water requirement and supply for
the different type crops. The water deficit is expressed with the soil water balance
equation, and the drought severity is assessed with its absolute or relative values of
the water deficit. This method is practical but only for local applications, while the
required data are not easy to obtain. The China National Meteorological Center
distributes quarterly natdonwide drought severity classification map based on
statistical analysis of precipitation and relationship between precipitation and drought
and water-logging. As meteorology drought is not always equivalent to the
agricultural droughe, in addition to its lower temporal and spatial resolution, its
application is very limited.

The Water Resources Information Center, the Ministry of Water Resources of China
(WRIC/MWR } developed a drought monitoring operational system based on a
hydrological model and meteorological data in 1996, The drought severity is assessed
with the water deficit which is derived from this hydrology model, the potential
evaporation computed from the meteorological data and the local precipitation. This
automatic operational system has been continuously aperated till present and has
given primary results that prove the feasibility for practical drought monitoring with
a hydrological model and metcorological data, However, as there is no satellite data
as references and the hydrologic model did not take the variations of land surface
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properties into account, the spatial resolution of drought product is very low and
very large discrepancies appear between the computed results and the practical
situation. As a result, the application value of the system is limited in practical
drought dectston making,

In recent years, assessment of drought severity using the satellite remote sensing
technique is a worldwide hot topic. This is especially so for the meteorological
satellite observation that covers a large area with frequent overpasses. The United
Nations’ Food and Agriculture Organization launched a project in 1997, which
focused on drought monitoring and corn yield estimation in Southern Africa.
Australia scientists have also used remote sensing technique for monitoring crop
area, crop development and soil moisture to assist the assessment of drought
affected areas. The Center for Remote Sensing of Shaanxi Meteorological Bureau hus
used a method for using vegetation index calculated with NOAA/AVHRR visible
bands data and soil wetness retrieved with infrared brightness temperature to
indirectly assess the drought severity. Both research and applicadon results have
shown that data from meteorological satellite are an effective tool to monitor real
time drought severity with wide applicatdon prospective. However, a satellite sensor
receives only reflected or emitted electromagnetic signal from the land surface, which
can not directly reflect the actual drought severity. Ar the same time the existence of
clouds also perturb the observadon data which must be corrected for.

Currently, development of decision-making systems for large-scale drought
monitoring and forecast is one hot research topic. Satellite remote sensing and
geographic information systems have been widely used in large-scale data exrraction
and spatial data management as such arc used as effective tools for drought
monitoring and forecast. Research results show that the large-scale continuous
drought are mainly controlled by the abnormal large-scale climate system, although
the local feedback especially the variation of the surface albedo, soil wetness have
considerable impacts to the drought occurrence. The state-of-the-art in large-scale
drought severity monitoring and forecast is based on the land surface energy balance
combined with land surface geo-information derived from satellite remote sensing
data and coupled with atmospheric and hydrologic models. The mechanisms of the
occurrence and development of drought disasters can then be explored with such
method and the relevant drought decision-making system be established for drought
mitigation and prevention purposes.

1.3  The goal and content of the imported technique

In order to establish a nationwide large-scale drought severity operational monitoring
system, this project will import the technique for the estimation of land surface
parameters from the meteorological satellite remote sensing data, This technique has
been developed by Dr. Z. Bob Su and colleagues (Su et al., 1998; Su, 2001, 2002)
from Wageningen University and Research Centre, Alterra green world research.
This technique has significant advantages in fast and economically retrieval of land
surface geo-information at large scale and can directly monitor or indirectly retrieve
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the inhomogeneous drought parameters at large scale, which can not be achieved by
traditional methods. Although soil water content is one of the most important
parameters used in drought monitoring and forecast, current soil water models only
evaluate the soil water content based on the energy balance equation in which the
energy and water distribution at the land-atmosphere interface is simply considered
as known parameters inputted into the model. However, since the spatal
distributions of the energy and soil water content are difficult to acquire practically,
such soil water content models are not applicable for practical applications.

Other types of soil water content models that are based on limited observaton
network data are not reliable too. Since the land surface heterogeneity has not been
sufticiently considered, these models can not evaluate the regional distribution of soil
water content for the purpose of monitoring drought severity. As satellite remote
sensing can provide the regional distribution of inhomogeneous land surface
parameters with consideration of the inhomogeneity of soil water content, the
possibility for practical monitoring soil water content at large scale becomes feasible.
To this end, Dr. Z. Bob Su and colleagues have developed a quantitative technique
for the determination of land surface albedo, leaf area index, thermal infrared
radiation flux, Jand surface temperature, sensible heat flux, latent heat flux,
evaporation fraction and soil wetness which can be used to characterize the drought
severity. The relevant software and accessories have also been developed, that can be
used instantly to estimate the drought severity at large scales.

The current technique is built on the applications for small area and ideal database,
while the practical monitoring area and meteorological satellite data are quite
different from the-circumstance of original technique, it can not be directly applied to
the operational drought monitoring. Therefore, the establishment of a national
operational drought monitoring system will be the essential goal of this project. This
system should directly serve the decision-makers by providing actual drought
informaton. The imported technique will be coupled into the ongoing drought
monitoring system to produce daily nationwide drought severity distribution and
statistical results. This future system will be the combination of large-scale satellite
remote sensing data, a hydrological model and meteorological data and can be used
in practical operation to monitor the nationwide drought disaster.
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2 Theory and methodology

2.1 Surface Energy Balance System (SEBS) and relative evaporation

The Surface Energy Balance System (SEBS) has been developed by Dr. Z. Bob Su
and colleagues of the Satellite Farth Observation — Researches into Water, Climate
and Environment (SEQ-WaterCliEnt) research group of Wageningen University &
Research Centre (Z. Su et al., 1998; Z. Su, 2001, 2002). Using visible and infrared
satellite remote sensing data, SEBS is based on land surface energy balance theory
combined with the in-situ meteorological data or the product of atmospheric
nurnerical model to estimate land surface turbulent flux and the relative evaporation
at different scales.

Infrared radiance is a function of the land surface brightness temperature, which in
turn is an instantaneous observation to the land surface energy balance. The land
surface balance is driven by the net radiadon that is controlled by solar radiation at
daytime. At any moment, the net radiation can be partitioned into sensible heat flux,
latent heat flux and soil heat flux as the following equation

R, =G, +H+E 2.1)

where R, is net radiation, G, is soil heat flux, # is sensible heat flux which is the

energy to heat up the surrounding air temperature, 4 is the heat of vaporization that
refers the heat used to change liquid water to vapor per volumetric unit, £ is the
amount of evaporation, AE is the corresponding latent heat flux.

Net radiation is expressed as the following equation

R=k*-k"+0'-1' 22
=(l-@)R,, +£(£0T} —oT}") a

where K* K", L' and L' are downward, upward shortwave radiation, downward
and upward longwave radiadon, @ is land surface albedo, R, is downward solar

radiation, @ is the Stefan-Bolzmann constant, € is the emissivity of the land surface,
£ is the emissivity of the atmosphere, 7, is air temperature, and T, is the surface

temperature.
The soil heat flux is parameterized as

G, =R,.[[+(1-f)(,-T)] (2.3)

where I, =0.05 for full vegetation canopy (Monteith, 1973) and I, =0.315 for
bare soil (Kustas and Daughtry 1989), f, is the fractional canopy coverage.
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R, — G, is land surface effective energy which is the sum of sensible heat flux and

latent heat flux. The key for the determination of land surface temperature is the
partition of sensible and latent heat flux, which is controlled by the available water
amount transferred from land into the atmospheric layer via the evaporation process.
Therefore, AE and E can be estimated from the estimated land surface
temperature.

The relative evaporation is the ratio between the actual evaporation and the potential
evaporation. The actual evaporation is determined by the potenual evaporation
which is controlled by meteorological condition (air temperature, wind, solar
radiation and humidity, etc) and soil water content. Therefore, the relative
evaporation reveals the actual moisture status of the soil. As a result, the drought
severity can be assessed from the comparison between relative evaporation and other
measurement data of soil moisture status, when the relative evaporation can be
estimated from the combination of remote sensing dara and meteorological data.

2.2 Methodology for estimating the relative evaporation from SEBS

The relative evaporation can be estimated from SEBS in following four steps: the
retrieval of land surface parameters; the computation of friction wind velocity,
sensible heat flux and stability length; the estimation of momentum and heat transfer
roughness; the computation of relative evaporation.

a

2.2.1 Determination of land surface parameters

This system requires parameters including solar radiation, surface albedo, vegetation
index, land surface emissivity and land surface temperature.
Solar radiation:

R,=1_-e,-cos8, -exp(—-m-7) 2.4

where I, is the solar constant, ¢, is the eccentricity factor, @, is the solar zenith angle,

#7 is the air mass, 7is the optical thickness.
Albedo (Valiente et al., 1995):

@ =0.545.r, +0.320-r, +0.035 2.5)

where 7, r, are the AVHRR band 1 and 2 surface reflectance after corrections of

atmospheric effect and bi-directional effect.
Normalized Difference Vegetation Index (INDVI):

Ny =1""h
rz +rl

(2.6)
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Land surface emissivity (Caselles and Sobrino, 1989):

e=¢ f.+e (l-fI+a<de> f(1- 1) 2.7

NDVI - NDVI .. . . . .
where Ji L= ts vegetation fractional coverage, < d€ > is a non-
NDVI ..~ NDVI .
lincar parameter (0.002), &€, and £, are emissivity for vegetation and ground
respectively in 10.5-12.5 um spectral range, €, =0.985+£0.007 ,¢, = 0.960 £ 0.010.

Land surface temperature (Coll and Caselles, 1997)

T, =T, +[1.34 +0.39x (T, - T)]x(T, - T;) + 0.56 + ax (1— £) — fx A&
a=W>—-8W>+17W +40 (2.8)

JB=150x(1-W/45) (W:g/cm)
where T; & T are the brightness temperature in NOAA/AVHRR in band 4 & 5, W

is the atmospheric water vapour content, A€ is the spectral emissivity difference of
NOAA/AVHRR bhand 4 & 5,

2.2.2 Determination of friction velocity, sensible heat flux and stability
length with bulk atmosphere similarity theory

The sensible heat flux can be derived from the bulk atmosphere similarity theory. In

the Atmospheric Surface Layer (ASL), the similarity relationships for the profiles of

the mean wind speed and the mean temperature are usually written in integral form
as

u =ﬁ[1n(z"—d°J—‘Pm(z“d°J+ tP,,,[—zﬂ’iﬂ 2.9)
k Zom L L

H z—d z—d, z
8-86 = 1 Ly °]+‘P(—%) 2.10
O a klt.pcp[n( sz ] h( L h L ( )

where u, =(2'0 / p)[/2 is the friction velocity, p is the density of air, & is van

Karman constant, C, is specific heat at constant pressure, height z is measured
above the surface, d is the zero plane displacement height, z,, - is the roughness
height for momentum transfer, 6, is the potential temperature at the sutface, @, is
the potential temperature of the air, z,, is the scalar roughness height for heat
transfer, ¥, and V, are the stahility correction functions for momentum and

sensible heat transfer respectively, L is the Obukhov length defined as
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oC, u.6,
kgH

L= @2.11)

where g is the acceleration due to gravity, and &, is the potential virtual temperature

near the land surface.

The wind friction velocity #., stability length L and sensible heat flux H can be

obtained by solving the system of non-linear Equations (2.9-2.11) using the method
of Broyden iteration.

2.2.3 Determination of roughness length for momentum and heat transfer

The roughness lengths for momentum and heat transfer must be determined in
advance in above equations. They are generally parameterized with the ground
measured meteorological data. However, they are difficult to obtain for large-scale
application where the ground-measured data are not sufficient.

Parameterisation models for estimation of the roughness lengths for momentum and
heat transfer have been developed based on the remote sensing data to solve these
two parameters.

The momentum transfer roughness lengthen can be derived from its relationship
with vegetation index (Su, 2001)

25
NDVT 2.12)
NDVI, .

ma.

zm=00m5+05x[

Then, the zero-plane displacement height d, =Z,, xX4.9, vegetation height

Om

h =Z, / 0.136. Heat transfer roughness length can be derived from the following

equation Zy, =Z,, /exp(kB_]), where B~ is a dimensionless heat transfer
coefficient.

The model proposed by Su et al. (2001) is used to estimate kB~

C, s k-

ac, 2 (1~e") ¢

"u(h)

where f, is the fractional canopy coverage and f| is its compliment. C, is the drag

kB! =

LIS +kB] ] 2.13)

coefficient of the foliage elements assumed to take the value of 0.2. C, is the heat
transfer coefficient of the leaf assumed to take a value of 0.01. u(A) is the horizontal
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wind speed at the canopy top. The heat transfer coefficient of the soil is given by
C: =Pr??Re,"?, where Pr=0.71 is the Prandtl number and the roughness

Reynolds number Re. =hu. /v, with A, the roughness height of the soil. The
kinematic viscosity of the air is given by v =1.327-10"(p,/pXT/T,)"" (Massman,
1999), p and T are the ambient pressure and temperature, p, =101.3 kPa and

T, = 273.15K. For bare soil surface kB]" is calculated according to Brutsaert (1982):

kB, =2.46(Re. )" ~[7.4] 2.14)

In equation (2.13), the within-canopy wind speed profile extinction coefficient # 1s
formulated as a function of the cumulative leaf drag area at the canopy top expressed
as (Su et al., 2001):

C, LAl
—_d (2.15)

" 211;’“/1:(/1)2

1+ NDVI
1.000001-NDVT

05
] is vegetation leaf area index.

where LAl = [:ND VIx

2.2.4 Relative evaporation estimated from the limiting conditions in the
land surface energy balance

The latent heat flux can be theoretically derived from equation (2.1) with the
computed sensible heat flux. However, this computation is based on the ground
measured wind speed and air temperature, the uncertaindes in the observed dara will
cause error in the sensible heat flux and affect the latent heat flux furthermore. In
SEBS, the error will be constrained within an range based on the computation of the
sensible heat flux in the extreme dry and wet conditions, based on the characteristic
of sensible heat flux in the extreme dry and wet condition, which will obviously
enhance the reliability for the computed results.

In the extreme dry condition, the latent heat flux or evaporation will be zero because
of soil water content becomes zero, the following equation can be derived from (2.1)

AE,, =R, —-G,-H, =0,o0r
H, =R, -G, \ 2.16)

In the extreme wet condition, the actual evaporation will be equal to the potendal
evaporation entirely determined by atmospheric conditions. The sensible heat flux

will achieve its minimum
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AEwer =Rn —G() _Hwe!’or
Hwe: = Rn _GO _AEwc: (217)

The relative evaporation will be

AE AE, , — AE
oL ZAE 2.18
AE @19

A, =
AE

wef wet

Combine (2.1), (2.16}, (2.17) and (2.18), the relative evaporation can be expressed as

A =1~ __H__._‘[{w_er__ (2.19)
Hd:y - Hwel
Simultaneously, we can define the Drought Severity Index (IDSI) as
H-H
DS =1-A =——"— (2.20)
Hrfry _Hwer

The sensible heat flux A has been constrained within /, and H_,, H, canbe

derived from (Z2.16), H,, will be derived from the combination of (2.17) and
Penman-Monteith equadon (Monteith, 1965} as the following form

g Aro (R =G} pC, (e =€) 2.21)

v, (y+A)+y-r,

where e and e, are vapor pressure and saturated vapor pressure respectively; ¥ is
the psychormetric constant, A is the rate of change of saturation vapor pressure with
temperature, ¥, is the bulk surface internal resistance and r, is the external or
aerodynamic resistance. The difficulty to evaluate latent heat flux lies in the fact that
the internal resistance, #,, is generally regulated by the internal surface moisture
availability which is in turn influenced by evaporation. Therefore, the direct
computation of latent heat flux using r; is not recommendable.

For completely wet land surface, per definition it is assumed that 7, = 0, the sensible
heat flux can be written as following according to (2.21)

H,, = [(R,, —Gy) - ic” 5—;—5]/(1 +%] 2.22)

W

where the external resistance in the extreme wet condition are

22 Alterra-rapport 683



1 z~d z-d z
- ] 0 |_ 0 |4 gt Zon
Lo P [ n( o J Wh( Lw J Wh( Lw J:l

The stability length in the extreme wet condition is

[ - pu’
" kg -061-(R,~G,)/ A

(2.23)

(2.24)

Once H,, has been determined, the relative evaporation A, and latent heat flux AE

can be derived.
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3 Data processing and actual computation

3.1  Data descriptions

As the requirements of this project, large-scale real-time datasets need to be collected
when applying SEBS to large-scale drought monitoring, with which wvarious
parameters relevant to the relative evaporation can be estimated, while some other
parameters need to be set by parameterization schemes.

NOAA/AVHRR is the US Polar Orbiting Meteorological Satellite series, two
NOAA satellites can observe one locaton four times every day, with overpasses at
2:00, 8:00, 14:00 and 20:00 local time respectively. The spatial resolution of AVHRR
data is 1.1 kilometer in five channels, two channels in visible bands, one chaanel in
near infrared band, and the other two channels in thermal infrared bands. Land
surface albedo, temperature, vegetation index and land surface emissivity can be
estimated from the satellite observation data. The air temperature, water vapor and
wind speed can be extracted from ground measured meteorological database. Table
3.1 is the required variables and their sources. The following data need to be
prepared.
1. Remote sensing data: NOAA/AVHRR data in Channels 1, 2, 4 and 5.
2. Ground measured data: seal level air pressure, air temperature, dew-point air
temperature, wind speed and visibility.
3. Other data: Coordinates and aldtude of the meteorological statons and
observational time and date.
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Table 3.1 SEBY input variabies and their sources

Symbol (unif) Variable or parameter Seurce or parameterisation
(=) Albedo AVHRR data in channels 1,2
NDVI(-) Normalized difference vegetation {| AVHRR data in channels 1, 2

Index

(=) Emissivity NDVI
g'(_) Atmospheric emissivity 926x107 x 7::-’
£.(=) Vegetation fractional coverage NDVI

L
LAI(-) Leaf area index NDVI
z(m) PBL depth 1000
dy(m) Displacement height Zg, % 4.9
z, (m) Roughness length for momentum | NDVI

o transfer
Z,,(m) Roughness length for heat transfer Model computation
u(ms-l) PBL wind speed Ground measured wind speed
u(h)(ms") Wind speed at the top of canopy u, dus Zop
T (0 K) Land surface temperature AVHRR data in channels 4, 5

0
T (0 K) Ait temperature at PBL height Ground measured air temperature
2. (pa) Air pressure at PBL height Sea level air pressure and altitude of the

“ observation site
e ( pa) 1Samrar:ion vapor pressure T,, Ta

ctual vapor pressure and surface air temperature, dew-point
e(pa) Actual vapor p Land sorface air temp dew-poi
air temperature, P,
7(~) Artmospheric optical thickness Horizon visibility
‘9a (0 K) Potential air temperature Ta , P, »sea level ait pressure
0 Sarf: tential t tu

60( K ) uriace po al temperataze T['), P, . sea level air pressure
8, (0 K) Surface virual potential temperature 6, land surface dew-point temperature
R, (Wm™) | Solarradiation Yeat, Month, Date and time and 7(~)

3.2  Data retrieval and pre-processing

The goal of this project is to establish a nationwide operational drought monitoring
system. So, the data retrievals need to consider the following requirements: 1) the
data should cover a sufficient long time period (two months); 2) The data should
have large-scale regional coverage; 3) The satellite remote sensing data and ground
measurement data should be approximately synchronous.

Based on the above requirements, the daily NOAA/AVHRR data in July and August
2000 have be collected, the satellite remote sensing data cover the central area of
China with a east-west width of about 2000 kilometer. The daily ground
meteorological data in the corresponding 600 sites have also been collected.
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'The data pre-processing includes two components: satellite remote sensing data and
ground meteorological darta.

3.2.1 satellite data processing

1. The AVHRR 1B data are processed with ENVI package in following two steps

(1) Radiation calibration: The NOAA/AVHRR 1B data are converted into planetary
reflectance in channel 1&2 and Kelvin brightness temperature in channel 3, 4, 5
with ENVT “Calibrate Data” module.

(2) Geometry calibration: The pixel geographic location, solar and satellite zenith
angles can be derived from AVHRR 1B data with ENVI “Build Geometry File”

module.
2. The correction of bi-directional effect in AVHRR channel 1&2:
The band-integrated radiance received at the satellite I' can be modeled as the

sum of five terms as following
13 =1dir +[sca “‘f“i”k‘v +]r'ml +]nml (31)

where I%is the radiation directly reflected by the ground from the solar beam
towards the satellite; /™ is the radiation singly scatiered directly to the satellite

sensor by the molecules and particles within the atmosphere; 1™ is the radiation
singly scattered into a diffuse flux which impinges on the ground and then is
reflected directly to the satellite; /™ is the radiation reflected by the ground and

subsequently scattered towards the satellite; / " is the contribution from all higher
orders of molecular multiple scattering. The surface bi-directional reflectance is given

by Paltridge and Mitchell (1990)

K(l-M)—secgéji(Dij(m)

4cosé - g(m)e™" (1+m7) (3.2)

where K is the AVHRR-measured value, &, @, are the relevant angles associated

with the measurement, M is the contribution from molecular multiple scattering,
HQJ,(”!) are the integrated source functions, g is related to air mass » which is the total
air mass from the sun to ground to satellite, and 7is the aerosol optical depth @D s
the phase function for air molecular and aerosol scattering.
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3.2.2 Pre-processing the meteorological data

The meteorological data need to be interpolated and converted to match the satellite

data before they are imported into SEBS.

1. Data interpolation
The large amount of ground measured meteorological data are required to
compute the regional relative evaporation in SEBS. The ground-measured data
will be interpolated into image format which are consistent with the
corresponding satellite pixels in geographic coordinate. In this project, the
ground measured meteorological data are interpolated with a Distance Weighing
algorithm,

2. Data conversion
As shown in table 2.1, the most meteorological parameters needed in the
calculation are not direct measurables, instead they are calculated or converted
from the measured parameters. Therefore, the data conversion is a key pre-
process. The detailed schemes are shown as below

Surface air pressure:

ol \(01909
P=pP|1- P. 3.3
: "( 44331] (Pa) (33

where P, is the sea level air pressure, alt is the altitude of observation sites.

Saturation vapor pressure:

(3.4)

e, =61 Iexp[w“—} (Pa)

240.97+T,

where T, is air temperature measured in near surface layer.

Actual vapor pressure:

17.502 X Tdewpt
240.97 + Tdewpt

e=0I lexp( ] (Pa) (3.5)

where Tdewpt is the measured dew-point temperature in near surface layer.
Specific humidity:

g=(R,/R)xelP, (Kg/Kg) (3.6)

where R,, R, are the gas constants for the dry air and water vapour air.
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Potential temperature in near surface layer:

P*O.ZS(;
8, =T|-= K
(2] "0

0

Virtual potential temperature in near surface layer:

—0.286
6,=T, x(l+0.6l><q)x[fj (X)

0

3.3 Computational process and results

3.3.1 Initiation of the SEBS parameters

(3.7)

Many variables involved in SEBS applications need to be initiated, some of these
parameters are physical parameters, others are empirical constants. Table 3.2 lists all
these vatiables and their default values.

Table 3.2 SEBS parameters

Symbol (unit} Parameters Vales or default vatue
]“ (Wm'z) Solar constant 1367.0
W(g fem?* ) Air water vapor 1.92
Ag(-) Spectral emissivity difference of AVHRR | 0.002

band 4 & 5
E, (=) Vegetation emissivity 0.98
£.(-) Soil emissivity 0.95
z(m) PBL depth 1000.
y(PakK —l) Psychrometric constant 67,
R, (Jkg_]K_l ) Water vapour gas constant 461.5
R, (Jkg“'K*l) Dry air gas constant 287.04
Cp ( Jkg“' K -') Specific heat at constant pressure 1005,
ﬂ(‘]kg-l ) Latent heat of water vaporization 2.43x10°
g(m 572 ) Gravitational acceleration 928
O“(Wm"zK"‘ ) Stefan-Bolzmann constant 5678%107
k(=) Von Karman constant 0.41
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3.3.2 Computational process

SEBS code is written in IDI. language and need to be applied under ENVI software
platform. The computation consists of three parts, which are the data pre-processing,
land surface parameter retrieval and the computation of relatve evaporation. The

whole process are divided into eight steps as given in the following flowchart:

AVHRRIB /Meteorologica]data/
¥ X

h 2
Calibrate_1!b Geometrg_1b Mete
Radiation calibration Georeference 3 Meteorological
T data interpolation

i

b4 L4

N &

Image data in
Channel 4 & 5

[mage data

Channel | & 2

Solar &

in
Satellite zenith angle

Longitude &
Latiwde

Visibility

“I’*—-—-—‘

) 4

Surface_refl

Bi-directional calibration
Coemputation of albedo
Cemputation of vegetation index

v v

[

Albedo /

Vegetation

H

Suface_ems

Land surfuce
emissivity

¥

Surface_temp

i

Land surface

Cemputation of

/

emissivity

temperature

[

Cemputation of land
surface temperature

K 7

o)

A 4
Global_radi

Computation of
solar radiation

Solar
radiation

Fract

Computation of net radiation, soil heat flux,
sensible heat flux and latent heat flux

Air pressure,
temperature,
specific
humidity and
wind speed in
near surface
layer

) ) i) ¥
Relative Drought Net Soil heat Sensible
Severity Index radiation flux heat flux

evaporation

Potential
evaparation

Figure 3.1. SEBS flowchart
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3.3.3 Computational results

The outputted SEBS results are listed as the following 12 files, all are given in image
format which can be viewed in ENVI (Table 3.3).

Table 3.3 the ontpusted results of SEBS

SN File name Variables

1 Reladve_evaporation Relative evaporation

2 Drought_severity_index(DSD) Drought severity index
3 Net_radiation Net radiation

4 Soil_heat_fAux Soil heat flux

5 Sensible_heat_flux Sensible heat flux

6 Latent_heat_flux Latent heat flux

7 Potential_evaporation Potential evaporation

8 Global_radiation Global radiation

9 Broad_band_albedo Broadband albedo

10 Emissivity Emissivity

1 NDVI Vegetation index

12 Land_surf_temp Land surface temperature
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4 Validation and analysis of the results

4.1 Validation scheme

As SEBS can output plenty of parameters and its regional computation will take long
time, it is difficult to obtain all the required large amount of ground measured data
for validation. Therefore, this project will only focus on the relative evaporation
analysis, which can directly reflect the drought severity.

In order to examine the feasibility to apply SEBS in the opcrational application in
combination with the ongoing drought monitoring system, this project will focus on
the comparison between SEBS results and the soil water deficit derived from the
ongoing drought monitoring system to validate the final results.

4.1.1 Introduction of the soil water deficit monitoring algorithm

This algorithm has been developed in WRIC/MWR in order to monitor the
nationwide large-scale drought disaster. It is based on the combination of a
hydrological model and meteorological data to derive the natonwide soil warter
deficit, to classify and assess the drought severity according to the relationship
between the soil water deficit and local drought severity. Since the establishment of
the ongoing system in 1996, several hydrological and meteorological outputs are
continuously produced based on daily iteration of routine meteorological data. The
outputs of the system have been used in operational flood and drought prevention
for more than six years, the results of which show that it is feasible to monitor the
drought with the combination of a hydrological model and meteorological data.
However, because there is no regional remote sensing data as 2 reference and the
hydrological model did not take the spatial variation of land surface into account, the
spatial resolution of the products of this ongoing system is very low and serious
discrepancy exist between products of the system and the actual drought severity.

This ongoing system consists of two parts: (1) The computation of potential
evaporation; (2) The computation of soil water deficit. The potential evaporation is
computed from Penman equation. According to application requirements, the daily
potential evaporation is computed from in-situ air temperature, wind speed, humidity
and cloud coverage over the nationwide 600 ground sites, then the results are
presented to the users in interpolated map format (Zhou et al.,, 1998). The daily local
soil water deficit is derived from a model on the basis of runoft generated by
infiltration-excess and moisture depletion with the estimated local potential
evaporation and the measured local precipitation (Yan et al., 1997). The underlying
soil is considered as “ideal” which there is no irrigation, no vegetation and
representative of the area surrounding the concerned meteorological station.

Drought severity is derived by assessing history data.
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4.1.2 Validation scheme

The daily soil water deficit trom the ongoing operational system and SEBS produced
relative evaporation for the 600 ground sites will be extracted for the period from
July to August 2000. Correlation analysis will be performed to these data in the
tollowing sections.

4.2  Validation result
4.2.1 Comprehensive analysis

The test area covers 27-41'N and 105-126'E region. As the limited coverage of the
satellite data, cloud condition and other reasons related to missing data, only 24
satellite scenes are available for this comparison, 68.5 sites are located within the test
area on average, which is about 48.5 % of the entire calculadon domain. The values
of outputted SEBS results used are ranged from 0 to 1.05.

4.2.2 Correlation analysis

The soil water deficit data are extracted corresponding to the geographic locations of
the SEBS computed relative evaporation. The relationship between the plant
available water and Drought Severity Index (converted from SEBS derived relative
evaporation) are presented in Figure 4.1, where R® is a statistical parameter valued
between 0 and 1, which reveals how closely the estimated values for the trend-line
correspond to the actual data. The trend-line is most reliable when R-squared value is
at or near 1. This correlation passes the linear correlation test. The negative
correlation coefficient means that the reladonship between the soil water deficic and
computed relative evaporation is correct. The correlation is worse in the eastern plain
area than the middle area.
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Drought Severity Index vs Normalised Plant Available Water
Estimated with Water Balance Over the Continental China
1.20
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Figure 4.1. Drought Severity Indexc vs Normalised Plant Available Water Estimated with Water Balance Over
the Continental China

4.2.3 Cases study
4.2.3.1 Daily analysis at the individual site

The results are not ideal when two outputs are compared in temporal scale, even
weak positive correlation occurs at some sites, which means that the daily
compatison between the two parameters is less successful for all sites simultancously.
If the data are extracted randomly for each site, the comparison results are better.
The following figures give the relationships between the normalized plant available
water index and drought severity index at several ground observation sites that also
show the negative correlation (Figure 4.2). This indicates that DSI can effectively

reflect the actual drought severity.
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Fionre 4.2. Drought severity index vs normalised plant available water estimated with water balance in several
ground observation sites over the continental China

4.2.3.2 Regional analysis for individual day

In order to ana'yze the two outputs at regional scale, the cloud-free SEBS results and
the corresponding soil water deficit data are extracted. As an example, the correlation
cocfficient reaches 0.59265 with 117 samples on July 8, 2000. To compare the
drought response to the results of different methods, Figure 4.3 give the nationwide
distributions of relative evaporation from SEBS, and hydrological and meteorological
drought and soil water deficit derived from the WRIC/MWR system. It reveals that
the three parameters derived from different methods are comparable, and the
regional distributions are consistent in general. As the relatve evaporation
computation is based on the satellite remote sensing data, if the land surface is
covered by cloud, it can not give the right situation on the land surface, however
under cloud-free condition, the computed resules are physically meaningful and the
revealed spatial distributions must be judged physically realistic.
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4.2.4 Typical comparison analysis

Here we take July 8, 2000 as an example again and choose one dry and one wet
region from the output of the WRIC/MWR system as the dry and wet cases. The
comparison will be performed as following.

The dry region covers the area within 35-41°N and 116-122°E with 20 available
ground sites, the wet region covers 30-37°N and 110-116°E with 21 available sites.
The correlation coefficients between the two outputs are 0.41 and 0.78 respectively.
The corresponding average soil water deficits are 98,35 and 28.77 respectively which
is physically very good and meaningful. The following Figure 4.4 gives the plant
available water and drought severity index over North china and East China.
Although R-square value is not high, the trend between plant available water anu

Drought Severity Index is consistent.

— _ East China T
North China Comparison with Water Balance Estimation

Comparison with Water Balance Estimation
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Figure 4.4. The normalized plant available water and drounght severity index: over North China and Fast Ching

4.3  Error analysis

Based on the above temporal and spatial analyses, it is concluded that the final result

1s completely satisfactory. The error maybe caused from following aspects:

(1) The implemented calibration or correction of satellite remote sensing data is not
sufficient in this system. The bi-directional effect has been corrected in satellite
remote sensing visible band, but the atmospheric correlation is not sufficient,
The atmospheric aerosol and water vapor only take the empirical values, while
the daily varadons of these parameters are not considered. Because the
atmospheric conditons are different from day to day, the fixed empirical values
used will cause errors in the retrieved land surface parameters.

(2) The soil water deficit has its own error which is caused by the hydrological model
and meteorological data, the uncertainty will occur when it is compared to SEBS
computed relative evaporation.

(3) The computational process involves many steps. The error will be transferred
and accumulated when the meteorological data are combined with the satellite

remote sensing data, such that the final error of the system become not

negligible.
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Some of the data are questionable to represent the practical situation of the
corresponding parameters, which maybe an important error source.

Discussion and remark

The relative evaporation gives zero values at some sites, which should be the
extreme drought condition, but is pracacally not completely true. Because the
computation of sensible heat flux is independent of the energy balance equation,
the computed sensible heat flux may be greater than the available energy flux,
consequently the computed relative evaporation will be considered zero in this
case. This reminds that the computational algorithm of the sensible heat flux
needs to be improved furthermore.

The comparison results show that the computed relative evaporadon is not
sufficient yet for operational drought monitoring. First, because of cloud effects
and the required ground measured meteorological data (for the derivation of
atmospheric transmissivity), the area with usable results is less than half of the
whole test area. Second, the comparison is not sufficiently consistent in temporal
scale, which indicates that systematic error may exist between the daily
observation data in temporal scale. The first reason maybe the key one. In
addition, the correlation between the two outputs is not entirely satisfactory.
Enhanced data pre-processing, combination with soil water deficit and
application of the Harmonic ANalysis of Time Series (HANTS) tool for data
analysis and interpolation of missing data will be the main task in the future.
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5 Conclusion

In order to monitor the nationwide real-time large-scale drought disaster, this project
has imported the advanced SEBS technique, which includes a set of tools for
retrievals of land surface geo-physical parameters and uses the combination of the
satellite remote sensing and ground measurement data to estimate regional relative
evaporation. Because meteorological satellite data can cover large region with high
overpass and economic cost, and the SEBS technique has clear physical mechanism
and easy operational ability at the same time, the practical applicability of the
technique is relatively high. During the importing process, the original techniques
have been modified from the original small scale experiment to large-scale
operational applications. The final results show that the implementation and
modification are successful and the system can be used feasibly for operational large-
scale drought monitoring. Nevertheless it is felt that the obtained results do not yet
satisfy all the application requirements. Further modification and improvement are
still necessary for real-time applications in the future. It is concluded that an
operational nationwide real-time large-scale drought monitoring system can be
established by combination and assimilation of the on-going drought monitoring

system and the imported techniques.
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ek, RF—BHERIKEIRBERARSEANEATOERE, EKERER, AEL
AR .
RSV EARN:

R=K'-k"+0'-1' 22)
=(1~a)R,, + (0T} - oT))

He |, k' k" 0 S8RET, GENERESTET. BENEREH , N
REE, R, ACMTHOARER , c AGEF-BRESER, c AR LEHE,
g ARELESHE , T.AKE , T, hREE,

TEHGERTE AN
G, =R, +(1- 1), -T.)] (2.3)

He, T,=0.05 4HE#EXX (Monteith, 1973), T,=0.315 448 LX (Kustas, 1989), f, Wil

BAEHLEER,

R, — G, BB AR MBERAEEZ SHMRAREER, JUERRAARE KB AN
BRRARENERAEER LT D, X8 dvl K KEE T Z#EAAEEB R RS
Fad RS RN, FUEM AR i B R R RO IR R AL MXFARE .
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AR AEFRRMERE 2. EFERRE—THRRTAEFM GRE. R,
APRERST. BES) RENKRE)), H—HHRRTLRSKE, BLANERRTFHRR
BT LA TRAER . NABARBANZ WAL & HEAANER, BLE5EH
IR LB B E LT R K.

2.2 RARE T RAGEMNRKNTE

FERBVEREGEMSERTEZRIE 4 BOWE: RBERRYASH, BEEXE.
BHRHBENREERETE, MeshamhEAmEne, HxEEHaHE.

221 hENE SRR E

AATTBEOBRYASYHAAMBRN . RER, ERERN MREEHE, HRE
&%,
APR#EST

R, =1_-e,-cosf, -exp(-m-7) (2.4)
Her, I AKFBER e, AAERBBIER, 0, A KMAXWMA, m A XURE, t A%

FHEE.
R B # (Valiente et al., 1995):

@ =0.545-7, +0.320 7, +0.035 (2.5)

HP, . a2 TEE NOAA/AVHRR £, THIENRKE, hIEMHMEES

M R REIERRT.
R
NpvI=22"0 (2.6)
Kn+n
Hh % Ho 3R 53 2 (Caselles and Sobrino 1989):
e=¢,f +e,(-f)+a<de> f(1- 1) Q.
ot £ = NPVI-NDVlwy yrosmostisr, <de>hibdiess, TAH 0,002,

NDVI_ - NDVI,,
£, Mg, 73512 10.5-12.5 BOK 61 X (A R A3 e XMAR LK Lh st %,

£,=0985£0.007 £, =0.960%£0.010 -

HiF B (Coll and Caselles, 1997):
Ty =T, +[1.34+0.39x (T, -T)|x (T, -T,) +0.56 +ax(1-£)— Bx Ae
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a=W>-8W?+17W +40 2.8)
B=150x(1-W/4.5) (W:g/cm?d)
K, T, T, NOAA/AVHRR 3 4 F0%8 SiHIEMREEE, WAKSKEESE, Ach
F4ME S HENLENEE.

222 BARSHUERHEEENE, BRERRBEEKE

BAERTENRSAXUERACERR Y . ZRSPRELRE, THRERTELY
BEBRENAUXR—BRENW TR

| [z=-d, | z—d, Zom
"= k{lr{ . J ‘P,,,( - J+‘P,,( L H 2.9

H z~-d, z—d z
-8 = In 8-, 9 o4 .
b0 ku.pCp[ [ Zos ) "[ L )J'T"[L)J @19

EEP: u-%&%mﬁv pjﬂﬁf—:\.ﬁﬁn k%fl‘]ﬁﬁl ijljigttﬁ!‘: Zj‘]%E’ doy'-]

BB, Zo, WEVBICHEIRE, 6, Wb, 0, WUNEEELE, 2, HRME
B, v, My, A SASRRARSHE T APHEXRTERESRN, L VRREK
B, X

PC, u.0,
kgH

L= 2.11)

Heh, g AEIGERE, 6, NiEHTEERAE.
FERFEEMR2.9)- QANKII AR IELRIE I, BN RIEE M v, REEK

ELRZENEEH .

223 FEMARGRERERE
EiRTERAS, DEVAREREREEIR N EENS RO TR . £H 0

ZEHMERT AR H TS, AEKXTGRN AR T AR 2508
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H—e MM, 7 SEBS REATE VT MABREHTE)BENREAREREEY, &

®TRHENSHHBE .
WiB RS SEBR IR R R, BB AR T X1 HE(Sy, 2001):

25
Z, =0.0005+0.5x| 2V (2.12)
NDVI_.

M, TERBEE, =2, x4.9, BHEEL =Z,,/0.136.

MEEREREANTRBE: Z, =Z,, fexp(kB™)

KE B AT EMNMBARAR, kB MR T (Su et al. 2001):

e ¥ KR e g s
4C, u_‘(l—ehm) C
u(h)

RF LA ARABERBLRERLE, C, HEYHERRE, BUEHN 0.2, C AWEH#H
BEWMRHEL RMEN 001, u(h) AIFYHERRKTRE, RINEEMRE
C, =Pr??Re"?, KAPr=0.71, HEB4EE. HREHERRe =hu /v, h R
TRRERE, T USSR Y =1.37-107(p, / pX(T /T,)'* (Massman, 1999), P F1T %
HABSEFTE, P, =101.3kPa, T,=273.15K . B+ kB LI FRitE (Brutsacrt, 1982):
kB =2.46(Re, }* ~In[7.4] (2.14)
7 (2.13) #, n AEHERAREEZELAR, REE RPN HEHE R X AR,

LLUF R A (Su et al,, 2001):

C,-LAI

1+n§DVT
LAI=| NDVI , %.
A [ ) l.OOOOOI—NDVI] TR
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2.2.4 R R E T ERRE T HL M HARN & Rk

BAEERIGE, Mg @ QD AW HgREgE. RAnmTFiHE_RNmH
MR RGE . B FEIREATH), R REERAATE &3 R B BRI 4 R R
BARNRZE, FAEEEmIERARRNAaE. BIkE SEBS 1, RISk & TEHEmA R
W& FRBGE RS, iy BREEERTREMNBIBRE T EG HERZRHE
—EFEA, AmREITES RN

ERTREN, BTEEEENERTERRIRREARERAT, ATBRERAZE
KfE. BIE 2.1 AH:

AE,, =R,~G,~H, =0, 5i#
H,, =R,-G, (2.16)

MAERERE, HREIEAKER, BRERTHRXEAFRAERER. Kot

ke A BB /ME, BT

AE,, =R, ~G,—H,, &

H, =R ~-G,-E,, (217
FER R TR
A’=£=1_M (2.18)
AEWE' er
#(2.1), (2.16) Ml 2.17) KA (218) R, {RFIZHETH.
A, =1 _H- e (2.19)
Hdry _ch!
] B 5 4R FEHE 8 DSI (Drought Severity Index) :
DSI=1-A,=—M (2.20)
Hdry _Hwef

Alterra-rapport 683 : : 19



WA E H MEUH, A H,, 5L TR, EHH, K 216 XG5, FRH,, M

TEE Q17 R5LE-BENEEFR Monteith, 1965) HEE&KH. BEHESXRN:

_ Ar, (R, -Gy )+ pC,(e.m —€) (221

* ro-(p+a)+yen,

At e Me,, SMAEFKIUCRANKIUL, y ATELRER, A ABENKUERHREN
T, 1 BEHRAER ), r, RS S G I . B RGE R AR A
ETAREL R TFRERIEKSS, MHAPETHERR, RuErBRERA

HAE.
EBRERET, R\EXAEBE =0, A 22D X, BRERETRRAEEN.

i, =((R,,—Go)—ic” -e‘},—e)/(H%J (2.22)

ew

A, BREARETHEREIA:

1 z—d, z—d z
= 1 01— Uy, | 2 (2.23)
"'m ku, [ I{ Zon J Wh( L, ] Wh[ L, J:I

BIBRAE TR RN

L, =— o (2.24)
kg -0.61-(R, -G,)/ A

H,, Hi%)& AR A, vl e AL M fE.
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3 BRI SERR TR

3.1 BTk a4

BB Rk, A SEBS 10 HCTE Bl -5 o W30 75 BEIA 2 M i XY B /5l
FHWTEE, SAPRIGHEANBEETFENTRSE, ANSHTEZEEEHTEH
HRE.

NOAA/AVHRR A% EFHNESRTE, SRIF—HEBT 4 ORI, WH @
KECH 20, 80, 48R 20 K. 435N 10 AR, BB, HOsh. PLINH
ABALE 5 AREE, REAPRIUREE., WEERE. MY, hRENESY
BH¥. B EFFENRE. KE. RESHNFEMNLEIZWH T PIRIK.
K2 AWEFBENTERILKHE, ZFNHFEELZD TN
1. BEETE: NOAA/AVHRR 5 1,2, 4, 5 i#id ¥,

2. W ER: B FImSUE, RE, 8RR, KE, K PRALE:
3. HAtbrkt: MusRRE, M EE.
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# 2.1 SEBS Sy AL & kiR

S CRAD FEESH KPR E
a(-) RHEE AVHRR 1,2 i#i¥
NDVI(-) R AVHRR 1, 2 i#i 1%
£(-) MR LERRST 2R NDVI
£'(=) RAHEEATE 9.26x107° x T
f(-) M NDVI
LAI(-) L TR NDVI
z(m) BRBERE 1000
d, (m) P AR 2oy X 4.9
Zom (M) HEMRE NDVI
2oy (m) HEEE (L icey g
u(ms™) 35 R R BT AR
u(h)(ms™) e R T K w,dys 2,

T,(’K) HhFRwE AVHRR 4, 5 ¥
7,(°K) BRI Hy IR
P.(pa) URBERE I EAUE, MR
.(pa) WRKSUE I, T,

e(pa) LK RE HME<E. &5 p,
7(-) KA EE S TR A0 00 e LS
8,(°K) R EAE T7,, p,» BYEAE
6,(°K) HRALIR Ty p,» BFHAE
6,(’K) HE AR 6, M A

R, (Wm?) ARiEs #£. fA. A. B

3.2 B EE I A T 2

AT H KRR A /R4 T 8 BE AT E ST ST B 5 R4, FEict F s
REBEEEUTER: #— BBK (AR MEgrE: 82, EUANER: £=,
B L ) e L e (] A R 2
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ALk, JERT 20004 7 . 8 BEH 14 WHEI/AHI AVHRR 5 2 $h 36, BHETEEU
FEPEMBEAE, WEN 2000 2B 45, RERTZERD 14 5T REE 600 ML 55H
M Th AL B

BRI SN 2% TERMBAHENS R RLHE,

3.2.1 LERH AR

1, MER] ENVIE{Xf AVHRR 1B ¥ 9T F AmAb 3
(1) ¥ EHR: A Calibrate Data THEEWS 1, 2 BHEBEEREN RS E, 3 3, 4, 5 BERK

BRENFRRE.

(2) BB A Build Geometry File ThEexT PE BB & Z FKi# T B KM, U2
HaEfiteE, FEENEERANESGH AR B, DEFEACH.

2,81, 2 BEHEHITNERABE

PEvICAERINSHESNE T [958 S8
1" ___]dir_'_jsca_'_lsky_,_lmd +]rmd (31)
Rk, I HHEEERR ARG, PRSP 4 FRRTHORER, I h0ER

BTRR A M ST T E RS, T R E RS RS B RN E TERS, I™ NN T
LR EFHOHITRR. A KA B E 4 3k (Paltridge and Mitchell, 1990):

]
K(l "'M) —SCC¢_,Z(DJ-QJ-("1)
J=0

4cosf-g(me™ (1+m7) (3.2)

Hp, KATRUEME, 0. ¢ W AKRSEANDEREMS, M A TEEIE, 00
HBEREEE, g() RERREm FIHREH (m AAXRIMAHYIEHZ IR ,
T ARBBOLERE (ER AR LEREHERD , () W4 TR REG RIS
HL.
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32252 WP P LB

SBERE T E N AR AT HOR AR, BRI T T1E.

1, ¥EdsE

HAT KA BT R E R K B S RS O SERRLBI T 61, JF BB A B
FHEHETEERS RS —BNARE RS £ H P XA T EENSCEY i,
R LERAZPESR BT ETRENSEEREER EEMSMHNKE— M2 E L,

2, FEHER

RIEE 20 WH, EEPNARASEENRS AR BREARILIE, T
BRI, HILRRBIEOERE —RERNTLHE TE. FTEASEEIRTHR T X

it (1/0.1903)

Hrr, By ABshEFI R, alt P,

17.502xT
5 e, =61 lexp| ———nta | (P 4
HFAKSE: e, =61 CXP(240.97+1':J (Pa) (3.4)
A, T, o HbiE s i .
BBk . o 17.502 x Tdewpt P
KRR E: e 6llexP[240.97+Tdewpt (Pa) (3.5)
KA, Tdewpt K H e 0 R5% R E .
Wig. g=(R,/R,)xe/P. (Kg/Kg) (3.6

AF, R, R ABIATESIKRPILSEEE.
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P 0,286
I b . 9,,:2;(};—] (K) 3.7

0

-D.286
iITHhmER: 6, =T, x(l+0.6lxq)x(%} {K) (3.8
L+]
3.3 g EARE
kRRE 2§45

7E SEBS RN A F HEX S RO KBS HHTIE R E, RESHH—TT AW
HER H—HLNEELRERANEREIE. 3.1 WREUHHSHRER.
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3.1 SEBS ¥k E R

S (BAD 2R wEE
I.(Wm™) APHH 1367.0
W(glcm?®) KTKRE R 1.92
Ag(-) 4,5 B RS R E 0.002
&,(=) T X iR 0.98
£,(=) BIXEHE 0.95
z(m) URESE 1000.
y(PaK™) FBREH 67.
R,(Jkg'K™) KA 461.5
R, (JhgK™) . TRESWEER 287.04
C,(Jkg 'K 5 JE L 1005.
AJkg™) KR GRS BH 243x10°
glms™) &k 9.8
o(Wm=K™) BN F-BREBER 5.678x107
k(-) FITHH 0.41

33.2itHRE

SEBS R4t Hf2FH IDLIES RS, £ ENVISFRRE TN . iFEIdRS h LR,

Ho RS YT ER SEBS ABR R E 3 8oy, L8R, B30 i EREA.
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Y

Calibrate_1b

-

Geometrg_1b

FEERMRIE

4. 5| (1, 288 | | AmEER
BESRNE | | ARNE

D
JETE]

IEEESR
y

Surface refl

TR R AHRIE
Lt iy
LRy

F 3
ey f
| EHE |

Surface
SRR ﬂﬁkbﬁ;ﬁ$J
y

y Fract 1

ARRIH TERITE
RARTH U
AR

PR >

] 3.1. SEBS &%

333HERAR
SEBS i H i B U EZ A, M 12 Bi(3E 3.2):
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# 3.2 SEBS SEBS i+ H R

FS XAt4 kS

1 Relative_evaporation AR
2 Drought severity_index{DSI) TR
3 Net_radiation E

4 Soil_heat flux THAGEE
5 Sensible_heat flux IR E
6 Latent_heat_flux EHIE R
7 Potential_evaporation ARREEN
8 Global_radiation APEfast
9 Broad_band_albedo REE
10 Emissivity HE ARG &
1 NDVI HB TR
12 Land_surf _temp WREE
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4. BRR BB

41 R
HF SEBS Mt RRAFEE, FHIHEEA, WEK, £TRES5HHERMNE

RIKBSRBE, Wit H O e E e R T RARSLAT AR 6 R BB IT R R 7.

A TR SEBS #EN ST RIMIRE ), FINEEY SEBS 5 AN AGME AR
VEAMREKXERREEN RN SRS, ABEXAK SEBS fRSKMBAFER
o0 B BT IEAT B L BRK B AR e B SRR b A AT R O AT R B

4.1.1 LK E BT EE A

K R RE AR B T, AN R LR AR SO R TR S K R
G ELEBALREUKE, FREFNLERKRBETRHENLRARETREL,
STHATEE RIEEL AT, B 1996 R ERRLR, NASHARRRLETSR
BF R B SRR AEEARE, ERRGAREA SIS BAEMAY
%&b EIEALIEAT 6 4, BA—EMNBR, BN T AACSE BRI SR S R
HIRTATHE . BT EREXTERBBTNNEITE, Rk R4 SRR R
R, ERNEESBREE STAFEHREUTRMIZE.

WHES NS, B—, BREHIE, £, BHOKEWE. KRS
FARENES AL, REMTER, ATHRTERTSE. AK. BEREESEER
HEAEY 600 M ANEREREE, BETRBHREEREREEHAERED RN
PRI B, BRAERS(1998) “FASM S REMEEERELOTR SHH" —
o THHKEERE LRER TN HER S EEES R0 H TR EdES
ARSIE S BT R GELBRFFE (1997), “WEMSWB-HET "), FOTHEE
A EEHE BAATRGOOCRS. XL BT, SRETEREMLT, ARA.
T, KTEE. ARG RRENEL . B85 RE e AR LET 20
BokIEAR, TR & A M T AR

412 BB FR

¥ 2000 4E 7. $ P HE XL 600 310 1B K B EIER Y, BIFEN LN 2S5 E S SEBS
T B R AR K R A B 5 B8 TP A Y A R B e R B 00, BB B
TR HT.
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42 BRI R

4.2.1 &M

B 27—41° N. 105-126° EFAERM (FAR) HAREAGZE B 24 KNOAA T
ERNE SR E g AT aM, FWERE 69.5 SHLIH RN, 1.05IXAMA, i
GEit, HEHWTELERN 48.5%, HEFKRBEEEN 31.9%, HKESELZEDENREE
ABHERE, NERETHERBHEFA—ARRELE ZRRMEXNEESHRARK &,

4.2.2 X317

SRR AR, SRS SN, NE 54 E BT AR B XM 2 11,
5455 3R 5 A R BOK BT ASE AT I 40 S E R LR A OK B T R
MXER. HF R EB—AMEiHEXS Y, B RNESETNESEZFNNENBEERE, 1
RATIRETZLSBELFRAE, 0 RFFEIT. AT EREL TEMAHXKRRT, fMExE
BN ERER. B2, BXEMNENT, AR TREMEXBERDHEE.

Drought Severity Index vs Normalised Plant Available Water
Estimated with Water Balance Over the Continental China
1.20
81004 .. e ... ..y=-042x+063
% .« o R*=0.17
o 0.80
% 0.60
5 0.40 -
v
£ 0.20 -
E
& 0.00 ~ ,
0.00 0.20 0.40 0.60 0.80 1.00 1.20
Droughit Severity index

B 4.1 ST A 3 EEBR B LS K EN T SRR
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4.2.3 4Bl

4.2.3.1 BN EH T
MEFE AR ST, SREAREHE, FoNEEHRMUSHEAX, 7T REB/E

EHEARGE . BN AT PR H BB S A S B H W%, TR i LA HE
AL PR WIS KERNTRIBHB KRR, TRLREZAF A HHTEHEERE
RO R R & LB S KB B EREOR.

12 12
¥ y=-022x+0,58
[ 3] }; R¥w D41 g s L
-
Boal £ o |
é [ TR é 05
£ * £
Eo‘ ‘N. §o4r~
E 02 | .(Smionsaem) B S g pa | RS e
z z
q -+ + + a + +
3 02 o4 L1 03 1 12 L] 02 04 s 0s 1 1.2
Droguht Sewrity index Dronight Severity Index
1.2 1.2
y= 081+ 137 y= 0,300 + 0,68
s 1 R =052 5 14 . =073
i 08 . '\- e e ] 08 4 w o e e
< ; 3
Eg g
% 0,4 - ; . g 044 - - R I ‘\-.
E ation; 6351 E {Station: 53615}
2 o2} - (S i ,g, 024 - . .
] + — t + t o + + + +
[\] 0.2 [+ o8 c.e 1 12 [} 02 o4 og 08 1 1.2
Drought Severty index - Drought Severily index

B 4.2 JLA T BB — 4 B AR L S K BT RIG BN R
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4.2.3.2 W HE _L4dr

AT AR TR, SEXD B XD, FREERZH. Ll 2000 & 7
A 8 B4iit, RMARXRECN 0.59265, n=117. AT HBARFEBEMLEN T RRE
BImN, A 43 55 HREFETIERINEEARL. KXAZTRNLRRKEEDS
FBEMTAE. TOFL=EMSEA Rk, ZANTRoSAEAEHERE—R. &
RAEREER DEERNT, 685N RMRIF b RIMEN TR, BETEE
EENTH SR T ELAPER .

4.2.4 BLRIX b

3Ll 7 H 8 HAS, WKRIFBAKANE BhLLiaiiF R EMVEREFAXRETERE
srAnfE L, EERLLCEREAERTEM R EE A, #EATR AT,
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FRGEA: 35—41° N, 116—122° B, 4 20 MERF; 8 KIEEY: 30—37
°N. 110—116° E, 21 M H B

K TEX AR EME, 554 041166 M 0.7798, TRy 1 1%
BOKE N 98.35%H 28.77%. THRHPIM MK R SYHENAT, ERUR, WHE
BIREF. TR B AR R AR I R A K BRI T R I it ok
Fo. RERTPHEFLHES ERFTKESTRHEENARMXREHE.

Morth China
Comparison with Water Balance Estimation
12 -
= 0400+ 0,85
. * e . R=012

Normalized Pianl Avakabls Wister

1] c2 04 [-X.} 0.8 1 1.2

Drougt Severily Index

East Ching
Comparison with Water Balance Estimation
12
] 1 yoDi e 037
£ =000
é 08
H . .
3 o0ei - Ll .
a .‘ * 8 * .
3 K
S e
2 pzl,"‘$0..Q~_0___....
L) * [y *
. % .y
o
[ 02 04 o6 08 1
Droyght Sevenily Indet

B 4. 4 B RE AR AEET L HS KB TR BAEIT LR
4.3 RERE S

EEAHAT I, MRS AR R ETA S TR, G R AL
SR A R T S B0 LA

(1) DRI AT EATEREG., A TR 508 MM E BT T A%
BRI AHTIE, (A3 5 BN AT ER AR, 33580 R (A
KRBT ERES, MXESKELPHAENENEERT. SRATR
RS TR 7 R M 2 50 (I .

(2> SR H AT T RIS - B EE, 1 TR AU S BT AU SO 4
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RREIR, ASMIFE—ERNRE, TE A RIFERE.

(3 HEHAFEL, FANIFHEREEENISANBEAL T, £TEH
SR R FE = LS BT RE, HaEREERD,

(4) LEFHAMAAMESERE, TRERRENEEZRHA.

4.4 [

(D) HXERTHARBA -2 0 EA, LRMEMERGTRAR, KhFLAT
EE. ATRAEENIH MY TRIOEREFETE. BNAT SR ERNESNER
KT EHUREMATHLR, EXMFLT AR KAHEA 0H. XFHFRRS
BREERHETE—ENEE, FTEE—FHRY.

(2) RBHTFR, ATHERNEHFENATHRAER. BEHTEFERMK
AEYEFRARNEZN, F O WSRO HEE TRARR M REERS ¥, K,
FHEEWRM AT, A EE, SFOMRNEZ RATREEREMRE.
flith ERRESFTHE - /ARIEREHRZHIRERE. B4, HERRS HiTLRN
R LSRR E R LB NATAERIEA T3¢ AR MR TAHE, & HiEgK

- BIFEASE I MA N RFSIE R TSR AR RS R N 1.
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5.4

HEAREATEELF DL, AGHETH 2RO DEREY
STV S A5, DR TE A A TR B 41 45 4 WO T BT B
HAERIHA. AFAIRTRNNBEA. JAR, BH5 TR, REEAERN
PR IR, FTHRAEYEE, B AASENAINE. A5 R Bk AT AR
FEMAT T, 5 NEESIR M TS R AT AL S S . SRR R3]
HERIRE TAEBUE T VIS, R I AR Ao B S S 3 A SR T T
{BRIa b2 T F A 4 B R A B S0 SR MY 45 Ry P TR . 2 F— B HIR
(R R T, BB AR TR ST B, MR, L it
LRI S RS R TR R R . SA MR, RYEARENMNATES
WS B RSN %
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