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Abstract: A practical approach was developed in the studydimught monitoring in
Guangdong province of China on the basis of veigetaupply water index (VSWI) and
precipitation distance index (PDI). A comprehensinaex for assessment of agro-drought
severity (SADI) was then established from the ndized VSWI and PDI. Using MODIS
satellite images and precipitation data from greahderved meteorological stations, we
applied the approach to Guangdong for drought rnang in 2006. The monitoring results
showed that the drought severity on average wagsloerin the province during the main
growing season from May to September in 2006. Hawnegeasonal variation of the
severity was also obvious in difference countiethefprovince. Higher severity of drought
could be seen in the periods of late-June (In Chah month is traditionally divided into
3 periods. Each is with 10 days and has differemhes. This division system is mainly
with consideration of farming seasons hence has bégely used as the basis of drought
monitoring periods in China. In order to keep tiredition, we define, for example, for
June, the early-June as the period fréhtal10" of June, the mid-June as the period from
11" to 20", and the late-June as the period frorY #130". So mid-August denotes the
period from 1 to 20" of August, and early-July the period frorfi tb 16" of July, and so
on.), early-July, mid-August and late-Septembegi&lly, Leizhou Peninsula in the west
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had the most serious drought before mid-May. Vélixaindicated that our monitoring

results were generally consistent with the drousflatistics data and the results from
Chinese National Satellite Meteorological CenteN8BC), which used only remote

sensing data. This consistence confirmed the aplity of our approach for drought

monitoring. Our better identification of droughtveéty in Leizhou Peninsula of western
Guangdong than that of CNSMC might suggest thatafiigoach developed in the study
was able to provide a better alternative to in@dhg accuracy of drought monitoring for
agricultural administration and farming.

Keywords: Guangdong province, agricultural drought, droughonitoring, remote
sensing, MODIS data.

1. Introduction

Agriculture is an important economic sector in Gg@ong province of China, where precipitation
distributes unevenly in both spatial and tempomadethsions. More than 60% of annual rainfall drops
in the short period from June to August, leadingfreqjuent occurrence of agro-drought in other
months of the year. Seasonal droughts usually doocwinter and spring to shape a significant impact
on agricultural harvest. Drought monitoring hasstineen a necessary effort to alleviate the impact.
Generally drought can be monitored through eithreugd observation or remote sensing. Ground
observation is a direct and accurate way for drougbnitoring but relatively slow to get enough
information for the monitoring in the whole regidhalso needs a lot of labor to obtain the neagssa
information, hence is also expensive. As a contrashote sensing from space represents a fast and
economic way for the monitoring, but needs to elataby develop an applicable approach for the
region under study.

There were two main approaches to monitor agroghbwith remote sensing data. The first one
was based on the assumption that changes of sastur® under drought would lead to significant
changes of soil spectral reflectance observed orote sensing images. Bowers and Hanks (1965)
found that the increase of soil humidity in barefate would lead to the decrease of soil reflettivi
[1]. Thus they suggested a linear correlation betwsoil moisture and the moisture’s absorption band
for remote sensing of soil moisture intensity [Zhe famous thermal inertia model proposed by
Watson et al. (1971) had been successfully appdediscriminate geological units according to soil
properties (Watson et al. 1974) [3-4]. Pratt anged (1979) [5] altered the thermal inertia moéts
soil moisture mapping and Price (1985) [6] improteel model using apparent thermal inertia concept
on the basis of surface energetic balance thedmg dpproach was usually suitable for regions with
bare land and sparse vegetation.

The second approach was based on the assumptibrdrieght would lead to the change of
vegetation in its physiological process, which @anpgently affected the spectral attribute of vegmtat
leaves under observation of remote sensing. ldsb. €1975, 1981) and Jackson et al. (1981) applied
the approach for drought monitoring through thecemt of crop water stress index [7, 8, 9]. In récen
decades several indices, such as vegetation comdhitiiex (Kogan 1990) [10]; temperature-vegetation
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drought index (Sandholt 2002) [11], and vegetasopply water index (Carlson et al. 1990, 1994)
[12,13] were proposed under this approach for dnbuagpnitoring on the basis of vegetation index and
land surface temperature. Though these indices gearerally suitable for the regions with dense crop
canopy cover, problems still remained. The valuéhete indices changed not only in different places
but also in different growing seasons for a specdiopping region. Moreover, the relationship
between the value and the drought severity is imetdbut conditional. The same value of the inglice
might not mean the same drought severity, whileedéht values might have the same drought severity.
This made the determination of drought severitylgsaaccording to the value of the indices different
with locality. Thus it is very necessary to devetopuitable approach for each region under monori

It was with this consideration that the objectiviepoesent study was to develop an applicable
approach for agro-drought monitoring in Guangdahgase study of drought monitoring in 2006 was
also selected for validation of the approach ananemation of drought sequence in the province.
Though several index methods were available fougid monitoring, they were not oriented to
Guangdong where paddy rice and subtropical orchasts the main cropping systems and seasonal
variation of precipitation is very high. Combinati@f these two characteristics led to the serious
impacts of seasonal droughts on agriculture inpitevince. Development of an applicable approach
for agro-drought monitoring was urgently required lbetter administration of agricultural farming in
the province. The approach might also be applicabl&her provinces with similar cropping systems
and climate features in south China.

2. Methodology
2.1. The study region

Guangdong province locates in the south of Chinth womplex geomorphology (Figure 1).
Nanling Mountain situates in the north with thehegt peak of 1903m. The elevation is lower in the
south part with inter-valley plains and mounts.n@tologically the province crosses the tropical and
subtropical zones from south to north, and hastplehlight, heat and rainfalls. However, influedce
by monsoon climate, seasonal distribution of prigaijon was uneven in the province. Precipitation i
the wet season ranging from April to September actaml for over 80% of the annual total. High
variation among years was another distinct featdreainfall in the province. Widespread of Karst
landscape made storage of water from leaking unfleaspmpensation of uneven rainfall. The popular
red soil in the province also has low capacity atev storage.

Drought disaster often happened in Guangdong aswtrof both inhomogeneous precipitation
distribution and special landscape structure. Maimst in the north blocked perceptible clouds
transporting from north China to form precipitation spring season, making spring drought
aggravating from north to south. Leizhou Peninshél more drought events because of low
precipitation, probably attributed to its low altite unfavorable to terrain rainfall. Drought in 200as
very severe in the province to affect 728 thoudaectares of croplands with direct economic loss of
RMB 35 billion yuan (USD 1$=RMB 7 yuan). Dynamic nitoring of drought had been recognized as
an important measure to ensure the stable agnmaultievelopment in the province. The monitoring
could provide local administrations usual inforroatof drought events in both spatial distributionl a
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temporal process so that decision making of amtitgint campaigns could be formulated to alleviate
the impacts of drought on agricultural development.

Figure 1. Geographical location of Guangdong province in n@ahi with four
meteorological stations mentioned in section 3.
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2.2 Image data for the study

Due to free accessibility and daily availability WIS satellite data was used in the study for agro-
drought monitoring. With two platforms (Terra andjua, respectively), MODIS had 2-4 daytime
images per day for the same region, which was seitable for dynamic monitoring of agro-drought
events. Over 1,500 MODIS images of the year 200&ioeéd from both Beijing and Guangzhou
MODIS ground receiving stations were used to exantite sequence of agro-drought in Guangdong.
The data were used to calculate vegetation supptgmindex (VSWI) as drought indicator. Ten-day
composite was made on the index for analysis ofigitb sequence. Composite was then combined
with ground-based meteorological observation dathlasic GIS data to obtain drought consequential
mapping during the main cropping seasons from Mdydptember in 2006.

2.3 Vegetation index for the agro-drought monitgrin

Vegetation index was an important parameter inutalimg VSWI for drought monitoring. Since
green vegetation had strong absorption of specimnwed region and high reflectance in infrared oegi
vegetation index was thus generally formulated asous combinations of red and infrared bands.
Over 20 indices developed as vegetation index hedniost famous was the normalized difference



Sensor008 8 4691

vegetation index (NDVI), hence would also be usedhis study for computation of VSWI. For
MODIS data, NDVI can be calculated as:

NDVI =271 (1)
r2 + rl

wherer ; andr , were reflectance in MODIS bands 1 and 2 respdgti®&nce MODIS used on-orbit
calibration method for its data, implying that tbaibration parameters would vary with times and
channels, it was necessary to acquire the esseatibration parameters, scales and offsets, fitoen t
header file of each image. Thus reflectance inBaq¢uld be calculated as follows (NASA 2003) [14]:

r; =(DN; - offset) xscales (2)

wherer ; was the reflectance of MODIS ban@=1 or 2) for pixelj, DN; was the digital number of
bandi for pixelj, offset andscale were the offset and gain of bandespectively, obtained from the
header file of MODIS image data.

As well known, cloud was usually a big obstacleapplication of remote sensing data for drought
monitoring because the ground information of clgixkels was difficult to reveal. It was necessary to
detect and remove the influence of cloud in rensetesing of agro-drought. Cloud detection had been
done in the study using the standard algorithm ASN (2003) [14], which classified image pixels
into four types according to cloud states: conftdeloudy, probably cloudy, probably clear and
confident clear. Only pixels with the last two tgp&ere used to calculate VSWI for drought
monitoring.

2.4 Land surface temperature retrieval for drougtanitoring

Land surface temperature (LST) was also an essgatiameter to calculate VSWI for agro-drought
monitoring. In spite of initially designed for NOAAVHRR data, the two-factor model of split
window algorithm proposed by Qin et al. (2002) [1#ds a good alternative for LST retrieval from
thermal remote sensing data with two adjacent bdedsuse the model had a comparatively high
accuracy and only requires two essential paramatets computation. Recently, Qin et al. (20055][1
alternated the algorithm to adapt the thermal bahddODIS data for LST retrieval. Spectral range of
MODIS bands 31 and 32 was closed to that of AVHRBNnoels 4 and 5. Thus, LST retrieval from
MODIS data was done through the use of the tworhkbands. Ground emissivity and atmospheric
transmittance were the two essential parameterkSadrretrieval from MODIS data and methods had
also been developed in Qin et al. (2005) [16] for estimate of the two parameters from the same
scene of MODIS image. Therefore the algorithm af @i al. (2005) [16] was very suitable for LST
retrieval from MODIS data for drought monitoringdawas used in the study for analysis of drought
sequence in Guangdong. Formula of the algorithm nedsgiven here for limitation of volume and
details could be found in Qin et al. (2002, 2004, [16].
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2.5 Vegetation supply water ind@xSW) as indicator of agro-drought severity

Growing crops need continuous supply of soil wédeensure harvest. Rainfall and irrigation were
main sources of soil water in agricultural field&hen soil water supply was sufficient for crop
growing, evapotranspiration from agricultural figlould be high, leading to low surface temperature
observed in satellite remote sensing images. Duttiregdrought period, soil water supply was in
shortage to meet the normal demand of crop growlansequently stoma on crop leaves tends to
close in order to decrease water lost from cantgaging to apparent increase of temperature in the
fields. Therefore, using the relationship betweanopy temperature change and soil water supply in
the fields, we were able to develop an approackifought monitoring. VSWI developed in Carlson et
al. (1990, 1994) [12, 13] had been widely applisddeought indicator under the philosophy of this
approach. The VSWI related variation of canopy terajure to vegetation index of crops in the
following formula for drought monitoring:

NDVI (3)

Ts

VSWI=

whereTs was crop canopy temperature in the fields, whmhia be perceived as LST retrieved from
remote sensing images.

Since the VSWI was simple and easy to computead bheen widely applied to studies of soll
moisture and drought monitoring. However, the retathip between VSWI and drought severity was
complex or not direct. The increase of VSWI migbt surely imply an increase of drought severity in
the region under study. This was especially truthéncase where crop was in its early growing when
canopy did not fully cover the ground. Therefotes aipproach of directly applying VSWI to drought
monitoring still remained problems and establishimginrelationship between VSWI and drought
severity needed to be improved in order to malseittable for purpose of our drought monitoring in
Guangdong province.

2.6 Improvement of VSWI for agro-drought identtiica

As well known, crop NDVI was relatively steady witha short time such as one day, while crop
canopy temperature may changed remarkably in altayge with a feature of diurnal cycling as a
result of solar radiation. This implied th&f in Eq. (3) changed remarkably between day andtnigh
Consequently the value of VSWI changed in accordamith Ts, providing higher possibility ofs in
determination of drought severity when VSWI wasdugeindicate the severity. On the other hahd,
had a complicated relation with terrain propertéground surface. For example, northern Guangdong
was dominated with mountainous landscape whilesthehern part was with plains and low hills.
Different land surfaces might lead to high diffezes of crop canopy temperatufgin computing
VSWI, which may consequently caused bias in inthgathe actual severity of agro-drought. In order
to solve the problem of VSWI in directly indicatirtyjought severity, extensive discusses had been
carried out in this study to analyze the effectstuinges ifTs and vegetation indices on VSWI and its
relation with drought severity for possibility ahprovement.
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After several efforts of experiments, we discovetidt the improvement with consideration of
vegetation fraction in relating VSWI to drought s&ty could produce the best capability of indiogti
the severity with VSWI. To perfect the approach, preposed the following formula to normalize
VSWI for scaling drought severity (Qin et al. 20057]:

SDE(VSWH/SWJ)/(VSWY,-VSWJ)*100% (4)

where SDI was the normalized VSWI with values raggirom 0 t0o100 ( SDI=0 as the severest
drought andSDI=100 as the wettest conditionJSW§ andVSWY, denoted the values SWIin the
two extremities respectively: the severest drowgttt the wettest condition. Since vegetation fractio
or density could be generally indicated by NDVI, used the NDVI as a measure to scale the grade of
drought severity in the study. Therefore, detertnomaof the values of VSWI fo¥SW§ and VSWy,
could be done as followings. Supposed that thedt®&DVI wasd when the distribution of NDVI was
from n to (h+d) and the temperature favorable for crop growing vi@m T,~T,, we could get
VSWi=(n+d)/T, andVSW},=(n+d)/T;. For example, the step of NDVI was usually 0.06Guangdong
where subtropical climate was dominated, the faWeraemperature for crop growing was usually

recognized as ranging from Z0to 45C. Thus, the values afSW} andVSWj, could be determined
as those shown in Table 1.

Table 1.Determination oVSW} andVSW, for drought monitoring in Guangdong.

NDVI VSWIy VSWI, NDVI VSWiIq4 VSWI,
<0.05 0.11 0.25 0.35-0.4 0.89 2.0
0.05-0.1 0.22 0.5 0.4-0.45 1.0 2.25
0.1-0.15 0.33 0.75 0.45-0.5 1.11 2.5
0.15-0.2 0.44 1.0 0.5-0.55 1.22 2.75
0.2-0.25 0.56 1.25 0.55-0.6 1.33 3.0
0.25-0.3 0.67 15 0.6-0.65 1.44 3.25
0.3-0.35 0.78 1.75 0.65-0.7 1.56 3.5

2.7 Precipitation distance index for drought moriiig

Drought in a region was generally a complicateccess with multiple drivers. In addition to NDVI
and LST extractable from remote sensing imagesdicate drought severity, precipitation was another
key factor that drove the process of drought inicagfural region. With this consideration, we
proposed an approach to combine remote sensingsanalith precipitation indication for drought
monitoring in the study (Qin et al. 2005) [17].drder to perform this approach, rainfall data i®&0
were collected for 17 meteorological observaticatighs in Guangdong and its adjacent provinces
such as Fujian, Jiangxi, Hunan, Guangxi, and HaiAarthe same time, due to availability, historical
data of rainfall for the period 1971-2000 were aibtained for the stations. With these historicig
we calculated the average rainfall for each 10-¢&ysod within a year to observe the general viarat
of soil water supply for cropping ecosystem in (Ggdong, which was required to compare with
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rainfall in the period under study to indicate th@ught severity. Meteorologically the concept of
precipitation distance index (PDI) had been extarigiused to indicate aridity for a period. Theard
PDI was traditionally computed as the ratio of falinin a period to the average rainfall in histadi
records. In the study we altered this concept fought monitoring by assuming that an agricultural
ecosystem will have enough soil water supplies wtien rainfall was double over the historical
average. This was true in Guangdong where a monsboate brings lots of rainfall during the
growing season. However, in arid regions or in gsegsons, the historical average of rainfall might b
too small to meet the minimal requirement of cropsimal growing. In these cases, an arbitrary
determination of a minimal average rainfall (sush2Z@mm) was set for convenience of computation.
With these considerations, we computed the PDloliswis to determine the dryness in the period
under study for drought monitoring (Qin et al. 2P(&/]:

PDI =R 100% (5)
2R,

whereR was rainfall in the period under study (the 10sdpgriod in 2006 in our studyR, was
historical average rainfalls for the same periddn8ardization of PDI was necessary to integrath wi
remote sensing indicator SDI for drought identifica. Thus we hadDI=0 whenR=0 andPDI=100
whenR>2R,.

On the other hand, relation of precipitation witbught was not direct. A region might not be under
drought attack even there was no drop of rainfathie current period but if it had enough rainfatls
previous periods. This was because drought waseagohenon resulted from shortage of soil water
supply for a long time or several 10-days peridssually drought developed as a gradual process of
ground drying, which implied that the influence mkcipitation on agro-drought was accumulative.
Water deficiency within present 10-days period nlid ensure the occurrence of drought event in the
region. Therefore, we had to consider the rainfallhe past periods when applying the conceptif P
in identification of drought severity. Our invesiigpn revealed that drought events usually occurred
when there was no rain within a period of two maentm this case, we proposed the weighting
approach as follows to involve the concept of Ridbiour assessment of drought severity (Qin et al.
2005) [17]:

MPDI=AgxPDlIlot+A1xPDI1+A;xPDIx+AsxPDls+ ....+AgxPDlg (6)

where MPDI was the improved precipitation distamo#gex for drought assessment, with values
ranging from O to 100PDI; andA; are PDI and its weight for the periodi=0,1,2,...,8), withi=0 as
present period anit=8 as the 8 backward period. The weight of each backward petdould be
determined according to their importance to forrhafaof drought. And in the study we determined
the values of; to Ag as shown in Figure 2. Spatial interpolation waguned to integrate the MPDI
with SDI for agro-drought monitoring and this wasnd under GIS tool for Guangdong using the
MPDI values from the available 17 stations.
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Figure 2. Determination of weights for each backward pero&q. (6).
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2.8 Development of approach for agro-drought mompin Guangdong

The methodology used in the study for agro-drouglohitoring was an approach to integrate
remote sensing with GIS database on the basis @fitdicators: SDI and MPDI. As described in
above, SDI was computed from NDVI and LST, and MM precipitations over previous eight
periods. Combination of the two indicators coulddoae as follows (Qin et al. 2005) [17]:

SADEB:xSDHB,xMPDI (7)

where SADI was the comprehensive index for agratgihd monitoring in Guangdond; andB;
were the weighs of SDI and MPDEspectively. Since remote sensing provided metaild of spatial
information than the limited meteorological obséioma stations, we might give more weight to SDI
than to MPDI. With this consideration, the valuéBp andB, could be arbitrarily defined &= 0.6
and B,=0.4. After computation of SADI, classification dfought severity had to be done in order to
make the results of drought monitoring more undeéable for public and administrations. Five
grades had been commonly used to separate vamwasitees of drought in Guangdong and China:
severe drought, moderate drought, slight droughtmal condition, and wetness. There was no
drought for agriculture when the grade of normalditon was observed. And the fields had sufficient
soil water supply for crop growing when the gradeswinder the wetness. According to this common
classification of drought severity, the value off3Aor a pixel could be divided into the followiritye
grades: 1 to 15 as severe drought, 15 to 30 as nateddrought, 30-50 as slight drought, 50-70 as
normal condition, and 70-100 as wetness (Qin tG5) [17].

2.9 Image processing procedures in drought momitpri

The approach developed in the study for droughtitoong mainly involved a procedure of 3 steps.
The first step was to compute the drought indic&I from remote sensing data, which might include
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a series of computation processes including LSTexetl, NDVI and VSWI calculation, and geometric
correction. The second step was to compute MPDh fawailable GIS database of meteorological data,
which might include the processes of computingadnisal average rainfalls and carrying spatial
interpolation of MPDI into the entire region of Gugglong province. Finally the third step was to
integrate the above two indicators under GIS fraprewto classify grades of drought severity to
produce the results of agro-drought monitoringtfa current 10-days period, which might include the
multiple-images composition and mutual correctiorfit into a fixed mapping projection. As remote
sensing data are usually affected by cloud or dénetors, the computation of SDI indicator may have
errors in some pixels. Consequently it was necggearonstruct a GIS database to involve the data o
terrain and land cover conditions for agro-drougidnitoring and assessment. Operation of the
procedure could then generate the maps of agragtamonitoring for each 10-days period in the
province. Figure 3 showed the flow chart for datacpssing procedure used in the study.

Figure 3. Procedures of the approach for agro-drought mongan Guangdong.
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3. Results and Analysis
3.1 Spatial distribution of agro-drought in Guangup

Agro-drought monitoring in Guangdong in 2006 wasied out using the proposed approach in the
study. Figures 4-8 showed the results of agro-drbugonitoring during the main growing seasons
between May and September 2006, which were a sefriegmps indicating drought severity variation
in each 10-days period. The growing seasons of graips such as rice and maize in Guangdong were
usually from March to October. Thus the resultsvainan Figures 4-8 represented the principle
information of soil moisture conditions for agritiuie during the growing seasons. As shown in Figure
4, drought in May 2006 was not severe in Guangdbtagierate to slight drought was seen in Leizhou
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Peninsula in the west in early-May. The drynesgdi@m in the peninsula became severe in the mid-
May period due to little rainfall. The general swibisture condition in the province was also shifti
toward drying process in the mid-May period, asisad-igure 4b. The soil moisture condition became
normal in the late-May period as a result of seveiias (Figure 4c).

The drought situation in June was more or lesslaimiith that in May. In early-June, most parts of
the province were under normal to wet condition &gricultural cropping (Figure 5a). This was
because several rains during the period and thincus impact of cropping condition from late-May,
which was generally wet for the entire province.eto decrease of rainfall, drought situation was
moving into drying in the mid-June period (Figure) mnd a general slight drought was observed in
many places of the province (Figure 5c). This dyyprocess was aggregated in the next period of
early-July (Figure 6a). However, the drought wdgeved in the mid-July (Figure 6b) and this relief
into general wet condition was extended into latly-and early-August (Figures 6¢ and 7a). It could
be said that the surface condition was under tisé feisture for agriculture in early-August because
almost the entire province was under normal-to-eaetdition (Figure 7a). As rainfall decrease and
continuous evapotranspiration, the ground in midpdsi and late-August periods (Figures 7b and 7c¢)
changed again into drying conditions until earlyp®eber (Figure 8a). The general wet condition in
almost entire territory of Guangdong seen in eSdptember was consecutively extended into mid-
September period (Figure 8b). Locating in subtralpregion and bordering the west Pacific ocean,
Guangdong had a climate of monsoon-dominated patighich was characterized with rainfall
concentrating in the summer, leading to very femgan autumn. As the autumn coming in late-
September, the ground in the province was undepal rdrying process and the slight drought was
observed in many places of the province (Figure 8b)s drying process usually lasted for several
months until next growing season.

Figure 4. Drought monitoring results in early-Mdg), Mid-May (b) and late-May(c),
2006 in Guangdong.
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Figure 5. Drought monitoring results in early-Ju(e, Mid-June(b) and late-Junéc),
2006 in Guangdong.

Figure 6. Drought monitoring results in early-Julg), Mid-July (b) and late-Julyc),
2006 in Guangdong.
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Figure 7. Drought monitoring results in early-Augu&), Mid- August(b) and late-
August(c), 2006 in Guangdong.

(@) (b)

Figure 8. Drought monitoring results in early-Septemli¢ay, Mid-Septembel(b) and
late-Septembg(c), 2006 in Guangdong.

In order to have an overall assessment of drougldten in 2006, we carried on an average of the
monitoring results for the periods from May to Sepber, which gave the result shown in Figure 9. It
could be said that the general situation of grosadace in 2006 was very suitable for agricultural
cropping in Guangdong. The grade of drought severés normal-to-wet condition for most parts of
the province (Figure 9). Only in Leizhou Peninsslight drought was observed. This probably could
be attributed to the relatively small amount ofirai the peninsula in 2006.
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Figure 9. Average drought severity during May and Septer20€6 in Guangdong.

] I

3.2 Seasonal variation of agro-drought in 2006

Drought grade in Guangdong also displays a grdégrehce among seasons. Four regions were
selected to compare the seasonal change of draeylerity in 2006: Xuwen in the west Leizhou
Peninsula, Guangzhou in the middle Zhujiang D&taaoguan in the north mountains and Shantou in
the East coastal region (Figure 1). The droughéxnaf the four typical regions was extracted frdma t
results of every 10-days period shown in Figurés &easonal variation of the drought index of the
four regions was shown in Figure 10, in which tmeught line and wet line was also showed. The
result in Figure 10 confirmed the generally favéeabondition of ground surface for agricultural
cropping in the province for growing seasons. Hosvegeasonal changes were also obvious as to the
degrees of favorable condition. The highest valudrought index was observed in the periods of late
May and early-June in Guangzhou, Shaoguan and @haks a contrast, the lowest value of the index
was also seen in this period in Xuwen. Since tlgidr the index, the wetter the ground surface is.
Therefore, we could observe a sharp differenceaught severity in the province during this season.
As shown in Figure 10, the ground was generallynammal condition for agriculture during the
growing seasons ranging from May to September.dligatly worse conditions were observed in the
periods between late-June and early-July, as veelledween mid-August and early-September. As a
contrast, the general better conditions appearéueiperiod between mid-July and early-August. &inc
the drought index of the four regions located abitreedrought line, it could be concluded that didug
in 2006 was not severe in Guangdong even thougit gegiation of the drought index was observed
among the seasons (Figure 10).
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Figure 10. Seasonal variation of agro-drought in selectetregof the province in 2006.
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3.3 Comparison of SDI and MPDI for drought monitayi

The approach developed in the study for droughtitoong was a combination of remote sensing
and meteorological data. Thus it was necessarptapare the results from the two data. Figure 11
presented an example of illustrating the comparigorthe late-September period, with Figure 1la
showed the result of drought monitoring with remsémsing through SDI index and Figure 11b the
result from meteorological data through MPDI indé&ince SDI represents the drought severity
indicated by the normalized vegetation supply watdex calculated from remote sensing data, the
result shown in Figure 11a represents the generaliton of drought severity observed from space.
As seen in Figure 1la, moderate-to-severe drougtst seen to happen in the middle Guangdong
region, especially the Zhujiang Delta, with Guarmzimaving an average drought index of about 20%
(Figure 10). MPDI represents the drought seventidated by the normalized precipitation distance
index calculated from precipitation data (Figureb)l1The results showed in Figure 11lc was the
combination of SDI and MPDI to form a comprehenstreught index SADI as the final drought
monitoring result for the monitoring period, i.atd-September in Figure 11.

As shown in Figure 1la, drought was also severastern Guangdong, with Shantou having an
average drought index of 18%. This was consistetit spatial distribution of precipitation shown in
Figure 11b as MPDI index. The general drought akesem this period was attributed to the littlencai
As indicated by MPDI, the most parts of Guangdorgept the small region in northwest part were
under slight-to-moderate drought as a result dklitain in the period. Leizhou Peninsula the most
serious drought in other period was observed te Isawilar condition with other regions in this peti
Therefore, combination of these two data gave aoregble result of drought monitoring shown in
Figure 11c. The severe drought observed in the lmiddujiang Delta was mainly attributed to the
severe drought index computed from remote senstey d
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Figure 11.Drought monitoring results in late-September, 2006uangdong, indicated
by SDI(a), MPDI (b) and SADI(c) respectively.
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3.4 Comparison with rainfall distribution

Altitude of terrain in Guangdong is generally highe the north than in the south. Most of the
northern Guangdong is featured with mountainousideape. In order to interpret the spatial
distribution of drought severity in the provinceuf typical meteorological stations with rainfalite
in each period of 2006 were selected to comparh thié monitoring results. Figure 12 shows the
seasonal variation of precipitation in the fourtistass during the growing period from May to
September. The selected stations were Guangdahg imiddle, Shantou in the east, Shaoguan in the
north and Xuwen in the west. As seen in Figurept@cipitation was generally higher in Guangzhou
and Shantou than in Shaoguan and Xuwen. Numeritatyannual precipitation of the four stations
was 1578.1mm in Guangzhou, 2060.0mm in Shantou8.68%m in Shaoguan and 1051.7mm in
Xuwen. These differences in precipitation explairtiee spatial variation of drought in Guangdong.
Since the east had the highest precipitation,dttha lowest drought severity in the growing period
2006, as shown in Figure 9. The general wet camdgieen in the middle and the north also was with
accordance with the relatively sufficient rainfall these two regions. The relatively severe drought
found in Leizhou Peninsula of western Guangdongmaisly due to its small amount of rainfall.

Specifically, in Guangzhou, the high peak of rdirdppeared in late-May while the lowest amounts
of rainfall were seen in mid-May, mid-August andekseptember (Figure 12a). Consequently these
periods were seen to have relatively higher segveifitdrought as shown in Figures 4b, 7b and 8c.
Though we did not carry on monitoring campaign ttee period from February to April, the low
precipitation in these months (Figure 12a) shoufslpce a severe drought condition in the middle
region centering at Guangzhou. The amount of pitatipn was relatively high in the east represented
by Shantou station (Figure 12b), where only in Widyust was seen to have little rainfall, leading to
the severe drought observed in the period (Figaje As a contrast, small amount rainfall shown in
Figures 12c and 12d corresponded to the relativelse serious drought condition in the west and the
north of the province. In Xuwen little rain was see the period before late-May, leading to theesev
drought in early-May and mid-May observed in Figud@ and 4b. The sufficient rain did not appear in
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Xuwen until late-June. In the periods after mid-Asg the rain in Xuwen was also not enough to
provide a normal condition for agriculture, leadittga general drought phenomenon in the region.
Another important feature shown in Figure 12 was shmilar pattern of precipitation in Guangdong

even though the exact time of the peak might bierdihce in different places, leading to spatial and
seasonal heterogeneity of soil moisture conditfonggricultural cropping in the province.

Figure 12. Comparison of precipitation in four typical sitegth (a) Guangzhou in the
middle,(b) Shantou in the eagt;) Shaoguan in the north afd) Xuwen in the wesfd).
The label 51 in period axis denotes the periodydddy, 62 the period mid-June, 73 the
period late-July, and so on (th& digit as month and thé'®as period).
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Figure 12.cont.
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3.4 Comparison with other sources

In order to validate our monitoring results, we atexl the reported drought acreage in statistics.
Unfortunately we only found the total drought agesof the province in each year and had no data on
the spatial distribution of the drought events. ldoer, these data were still able to provide usughio
comparison with our monitoring results from the hoetology developed in the study. As shown in
Figure 13, agricultural drought disaster in 200& wat serious in Guangdong due to sufficient rdlinfa
in the growing seasons. Total drought acreage wdg statistically 130 thousand ha in 2006,
accounting for only 2.68% of the province’s totebmping acreage (MOA, 2007) [18]. As a contrast,
agricultural drought was very severe in 2002 wheerd was 1204 thousand ha of cropping area
suffering from drought attacks, with a drought petage of 24.41% (Figure 13). The small drought



Sensor008 8 4705

acreage and its percentage to total cropping aen@ag006 explained why we did not obtain a severe
drought scenario (Figure 9) from our monitoring eangn in this study. Therefore, it could be
concluded that the low drought obtained in our gtwds exactly coincident with the low statistics of
drought disaster in the province in 2006.

Figure 13. Drought acreage and its percentage to total cngpacreage in Guangdong
in recent years.
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Another comparison was with the reported droughmitong result from Chinese National
Satellite Meteorological Center (CNSMC) [19], whiaked another independent method to compute
drought severity from remote sensing data (mair@®AR-16 and Chinese meteorological satellite FY).
The CNSMC issued their monitoring results of theirenChina according to their method. The
monitoring results of CNSMC were also presented format of 10-days period. For simplicity, only
one scene of the drought monitoring results fronB&NC was used to compare with our result. Figure
14 showed the result of CNSMC for mid-May period2606 for entire China. Red rectangle in Figure
14 illustrates the region of Guangdong and its @adja areas. Comparison of Figurel4 with our
corresponding result for the same period of mid-NrRigure 4b) indicated that the spatial distribatio
of drought severity had a very high similarity beem the two. Both results highlighted that drought
severity was very low in the province. Most placé$uangdong were in the grades of normal-to-wet
condition for agriculture. Only Leizhou Peninsutethe west Guangdong was found to have the sign of
drought. But the severity of drought in the peniaswas given in slight difference between the two
results, with higher severity in ours than in CNSM'he peninsula was monitored as severe drought
in our result (Figure 4b) while it was given agykti drought in the results of CNSMC (Figure 14).
Considering the little rains for a long time befongéd-May period in the peninsula as shown Figure
12d, we believed that our monitoring result of siBgng the peninsula as the grade of severe drough
instead of slight drought was a correct decisidmis Blight difference in presenting drought seyerit
validated that our study provided a better apprdaamonitor agro-drought from both remote sensing
and precipitation data with help of GIS spatiallgsia than only from one source of remote sensing i
Guangdong.
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Figure 14. CNSMC'’s result of drought monitoring for entire iG& in mid-May 2006,
with red rectangle showing geographical locatiooingdong and its adjacent regions.

4. Conclusions

A practical approach was developed in the studyafgo-drought monitoring in Guangdong. The
approach was based on vegetation supply water ifpd8¥WI1) computed from MODIS remote sensing
data and precipitation distance index (PDI) comgput®m ground-observed precipitation data. A
comprehensive index for assessment of agro-droseyerity (SADI) was then established from the
normalized VSWI and PDI under the assistance of $pigial analysis. The value of SADI was within
the range of 0 to 100, with O representing the msesibus drought and 100 the wettest condition for
agriculture. Five grades of drought severity wéentidentified to indicate various degrees of dhiug
severity: severe drought, moderate drought, stightight, normal condition and wetness.

The approach was applied to Guangdong for droughérgy monitoring in the main growing
seasons from May to September, which generatedes seaps showing spatial distribution of drought
severity for every 10-days period in the provin€ee monitoring results showed that the drought
severity on average was very low in 2006 in Guangddiowever, seasonal variation of the severity
was also obvious in difference places of the prowirHigher severity of drought could be seen in the
periods of late-June, early-July, mid-August and-Beptember. Regionally, Leizhou Peninsula in the
west had the most serious drought in the periottadenid-May. Zhujiang delta in the middle suffered
from moderate drought in the periods of mid-Augaistl late-September. Shaoguan in the north had
slight drought in the periods of late-June, mid-Asigand late-September. Both spatial and seasonal
patterns of drought severity were well coinciderthwhe precipitation in the province.
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In order to validate our monitoring results, congams had been done with the drought statistics in
recent years and the drought monitoring results f@NSMC, which used only remote sensing data for
their monitoring. The general consistence of ouwsults from both drought statistics data and
CNSMC'’s results confirmed the applicability of capproach for drought monitoring. Our relatively
better identification of drought severity in Leizhd’eninsula of western Guangdong than that of
CNSMC may suggest that the approach developeceisttidy is able to provide a better alternative to
increase the accuracy of drought monitoring forcaggural administration and farming. The approach
may also be applicable to other regions for dromghmitoring in the case of available data required.
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