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Application of FY-3A/MERSI satellite data to drought
monitoring in north China
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Abstract: Medium Resolution Spectral Imager (MERSI) on board the new Generation Polar-Orbiting Meteorological Satellite
of China (FY-3) has five spectral channels with 250m spatial resolution, which enhances the ability to observe fine surface fea-
tures and provides a new data source for drought monitoring in large area. Drought status of north China is evaluated using
FY-3A/MERSI satellite data with Perpendicular Drought Index (PDI). To validate the performance of PDI in macroscale appli-
cation, quantitative evaluation of drought conditions and development in Tongliao and Chifeng, two cities located in southeast of
Inner Mongolia Autonomous Region of China are carried out by comparing time series drought monitoring results with field
observation data. Results show that drought status derived from PDI is highly accordant with field drought observation. Satellite
based PDI has significant correlation with 10cm and 20cm depth soil water content. Compared with 10cm depth soil water con-
tent, PDI has more stable relationship with 20cm depth soil water content. The drought monitoring application in this study show
great potential in future drought monitoring operation using China’s own satellite data.
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(Schmugge et al., 1986; Njoku & Li, 1999) have been widely

The recent influence of global climate change, regional
economic development and population growth have made

drought the most frequently and severe natural disaster in China.

For example, widespread and persisting drought happened in
China’s main winter wheat area from the winter of 2008 to the
spring of 2009. In the summer of 2009, severe drought took
place again in Inner Mongolia Autonomous Region, Hunan
Province, Guizhou Province and Guangxi Province, with dev-
astating impacts on local agriculture, water resources, national
economies and the environment. Frequently happened drought
forced scientists to seek a more effective, dynamic and feasible
drought monitoring technique for better drought prevention and
scientific irrigation, and even for crop yield promotion and
climate change study.

During the last three decades, remote sensing technique have
shown greater potential in large area applications for its high
spatial resolution and regional monitoring ability compared to
point-based field measurements. Indices derived from visible
and near infrared bands (Kogan, 1990; Xiao et al., 1994; Qi et
al., 2004; Zhan et al., 2007; Ghulam et al., 2007a,b,c), thermal
infrared bands (Price, 1985; Kogan, 1995; Mcvicar & Jupp,
1998; Sandholt et al., 2002) and even microwave bands
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used to capture spatial and temporal drought information near
the surface. Satellite images from NOAA/AVHRR, LandsatTM,
TERRA/AQUA-MODIS have been the major data sources used
in China’s drought applications (She & Ye, 2006). Of all these
satellite sensors, data from TERRA/AQUA- MODIS has mod-
erate spatial resolution and high spectral and temporal resolu-
tion, which is especially favorable in validation of known
drought indexes and helping construct new drought index. Tan
et al. (2004) developed an integrated drought model using
MODIS based vegetation index, temperature difference be-
tween day and night, percentage of precipitation anomaly and
the information of previous drought information. Song et al.
(2004) constructed another integrated drought index using visi-
ble, near infrared and thermal infrared bands of MODIS, which
is very sensitive to surface vegetation, temperature and mois-
ture condition. Zhang et al. (2004) derived vegetation water
content information using MODIS data and GVMI (Global
Vegetation Moisture Index). They found negative relationship
between vegetation water content information and regional
drought condition, which is very useful for large area drought
monitoring. Zhang et al. (2006) put forward an energy index
using MODIS data, which is used to reduce the interfering of

cloud to routine thermal inertia model. Qin et al. (2008) com-
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puted Perpendicular Drought Index (PDI) using MODIS data
and apply PDI in drought monitoring application over north
China. PDI is divided to several drought degrees with the reference
of local soil and hydrological properties. It is demonstrated that
PDI can be calculated only from red and near infrared bands
which is very simple and easy to acquire. Furthermore, drought
distribution from PDI is fairly accordant with real drought con-
dition. PDI provide a simple and convenient regional drought
monitoring method using MODIS data.

The development of China’s new generation of polar-orbiting
meteorological satellite series (FY-3) greatly enhances the sur-
face monitoring ability of China and also provides a new data
source for drought monitoring in large area. The first satellite
named FY-3A of this series was successfully launched from
Taiyuan in Shanxi Province at 03:02 UTC on 27 May 2008
(Yang et al., 2009). MERSI is one of the 11 instruments on-
board this satellite, which has 5 channels with 250m spatial
resolution and 15 channels with 1km resolution. MERSI has
both multi-spectral and high spatial resolution properties.
Compared with MODIS, FY-3A/MERSI increased 250m spatial
resolution channels from 2 to 5, at the same time, MERSI in-
cludes a 250m resolution thermal infrared channel, which
greatly improves the ability to observe fine surface features.
Therefore, China’s FY-3A/MERSI instrument has greater po-
tential in future remote sensing applications. Further study of
FY-3A/MERSI based drought monitoring technique is not only
very significant for improving the using of China’s own remote
sensing data but also helpful for reducing the dependence of
using satellite data abroad.

In this study, FY-3A/MERSI data and PDI drought index are
used to monitor the drought event happened in the summer of
2009 over the northeast of Inner Mongolia Autonomous Region,
China. Spatial and temporal variations of PDI are captured and
the relationship between PDI and drought status is further in-
vestigated. This study is expected to provide a scientific support
using China’s new satellite data in operational drought moni-

toring work.

2 STUDY AREA AND DATA

2.1 Study area

A case study was conducted in Tongliao and Chifeng, two
cities located in the main drought area of Inner Mongolia
Autonomous Region, China. Its longitudes range from
116°21'E to 123°43" E, and latitudes range from 41°17'N to
45°59'N. It is a typical arid and semi-arid region with very little
precipitation (350—500 mm/a). Drought happened nearly every
year in this area.

2.2 Data source and pre-processing

There are 20 channels in FY-3A/MERSI instrument. The
third channel (Red, with central wavelength: 0.650um, spectral
band width: 0.05um) and the fourth channel (Near infrared,

with central wavelength: 0.865um, spectral band width:
0.05um) all have 250m spatial resolution and these two bands
are very sensitive to vegetation. FY-3A/MERSI data is acquired
from National Satellite Meteorological Center (NSMC) of
China with HDFS5 file format. They are first pre-processed by
an image process software developed by NSMC so as to convert
the raw data to spectral calibrated, geo-corrected and mo-
saicked data with 250m spatial resolution which can be directly
used by ENVI. Finally, the pre-processed data are re-projected
and subset to match the study area.

Soil water content measurements of 10 cm, 20 cm depth on
August 8 and 18 of 2009 in the study area were collected from
China Meteorological Administration (CMA). The data is sam-
pled according to agricultural meteorological observation crite-
rion compiled by CMA (Huang et al., 1993). Furthermore,
drought monitoring reports for every ten days, agricultural me-
teorological reports, daily precipitation and temperature during
the study period were also collected from Inner Mongolia
weather bureau.

3 PERPENDICULAR DROUGHT INDEX

Fundamental study of Red and Near Infrared spectral feature
space (Red-Nir space) can be traced back to 1970s. Vegetation
lamina tissues can strongly absorb red spectrum and reflect near
infrared spectrum. This property of vegetation can be used to
construct vegetation index using red and near infrared bands so
as to monitor vegetation growing. Richardson and Wiegand
(1977) described Red-Nir space constructed with DNs of MSS
red and near infrared bands and presented Perpendicular Vege-
tation Index (PVI) according to the distribution pattern of
vegetation in Red-Nir space. PVI of a point in Red-Nir space is
equal to the vertical length from that point to soil line. At the
same time, water absorbs both red and near infrared bands
strongly, so soil water content is the main factor influencing soil
reflectance over red and near infrared bands. Jackson (1983)
further described the distribution pattern of water in Red-Nir
space. The distribution pattern of vegetation in Red-Nir space
has been widely studied and applied to vegetation growth
monitoring and crop yield estimation. While, the study of soil
water distribution pattern in Red-Nir space is relatively less
paid attention.

Zhan et al. (2006) and Ghulam (2006) gave a further discus-
sion of water distribution pattern in Red-Nir space. They con-
structed Red-Nir space using ETM+ red band (0.630—0.690um)
and near infrared band (0.775—0.90um). It is found that scatter
plot of red and near infrared reflectance spectrum demonstrated
as a typical triangle. The points at the bottom of the triangle
usually correspond to bare soil points. Soil line can be captured
through linear regression using these bare soil points (Richard-
son & Wiegand, 1977). As shown in Fig.1, points in AD line
represent the change of vegetation cover from full cover (A), to
partial cover (E) and bare soil (D). Not only vegetation condi-
tion, but also surface wet or dry condition can be clearly quan-
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tified using this “triangle” feature space. At the soil line, points
with mass water distribute near point B, points with moderate
water content distribute at the middle of soil line, while dry
points distribute near the opposite side of soil line (point C). As
we have seen, B-D-C shows the direction of drought severity
(Zhan et al., 2006).

Based on the above analysis, Ghulam (2006) developed a
new drought index (Perpendicular Drought Index, PDI) using
ETM+ red and near infrared bands (Fig.2). As shown in Fig.2,
line L which is perpendicular to soil line and overpasses the
origin point (0, 0) can be drawn. PDI value of any point equals
to the perpendicular distance from this point to line L. For ex-
ample, PDI value of point E corresponds to the length of seg-
ment EF.

The mathematical expression of PDI can be represented as
follows (Ghulam, 2006):
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Fig.2 Sketch map of PDI (Ghulam, 2006)

PDI= (Rred+MRnir) (1)

1
M2 +1
where Rq and R, represent remote sensing data of red and
near infrared bands respectively. M is the slope of soil line
which is calculated from linear regression of bare soil points in
the Red-Nir space. PDI describes the distribution pattern of soil
water content in Red-Nir space. PDI ranges from 0—1. Higher
PDI values represent more severe drought status and lower PDI
values means the less risk of drought happened. PDI can be just
acquired from Red-Nir space and the mathematical expression
of PDI is also very simple. So it is very useful for monitoring
regional drought status with remote sensing data.

4 RESULT AND ANALYSIS

Three FY-3A/MERSI images are selected to perform
drought monitoring in north China. They are respectively col-
lected on August 8, 2009, August 13, 2009 and August 20, 2009.
There are two main considerations for selecting these three
images: (1) It is clear and dry during this period which reduces
the disturbance of cloud and atmosphere condition to a maxi-
mum degree. So the atmosphere correction and cloud detection
process can be ignored. (2) There is rare precipitation and the
surface temperature is higher than usual since August 1 to Au-
gust 8, so the first image dated on August 8, 2009 can be a re-
flection of drought status in the beginning of August, 2009 of
the study area. During the two periods of August 8—13, 2009
and August 12—20, 2009, there are different amounts of pre-
cipitation in the study area. Therefore the time series of images
can reflect the sensitivity of FY-3A/MERSI data to drought
dynamics. The calculation of M is a very important step in Eq.
(1). It can be known from the definition of PDI that M repre-
sents the slope of soil line in Red-Nir space. For FY-3A/MERSI
250m resolution data, the bare soil points can be approximately
acquired through the analysis of Red-Nir space. So as the slope
of soil line can be estimated. In this study, M is calculated from
Red-Nir space plotted from FY-3A/MERSI data dated on Au-
gust 8, 2009, M=0.57. Therefore, the PDI formula can be ex-
pressed as follows,

1

V0.57% +1

Drought guidelines based on PDI is another important step
for evaluation of drought status. According to Qin et al. s (2008)
study and the relationship between PDI and field soil water

PDI = (Reeq +0.57Ry;,) 2)

content measurements, the final PDI based drought guidelines
are decided. Relative soil water content (RSWC) is the ratio of
real soil water content to potential soil water content. Generally
speaking, soil with RSWC above 75% is very wet and has ideal
water condition for crop growth, and therefore defined as nor-
mal water condition and no drought happened. When RSWC
varies between 45% and 75%, soil water is not sufficient for
crop growth and is here termed as slight drought. When RSWC
varies between 15% and 45%, drought status is further devel-
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oped and moderate drought happen. Finally, when RSWC is
below 15%, which is under the wilting coefficient, crop can not
get any water from soil and severe drought happened. Accord-
ing to the relationship between PDI and the real RSWC, the
following drought guidelines are determined (Table 1).

Table 1 Relationship between PDI, relative soil water content
and drought guidelines

Drought guidelines Relative soil water content/% PDI

Normal >75 <0.26
Drought-slight 45—75 0.26—0.33
Drought-moderate 16—45 0.33—0.40

Drought-severe <16 >0.40

Drought status of the study area was evaluated on August 8,
13 and 20, 2009 using PDI based drought guidelines (Fig.
3—Fig. 5). According to the monitoring results derived from
image of August 8, 2009, we can see that, large area of Chifeng
and Tongliao was suffered from drought. Moderate drought was
located in the middle and southwest of Tongliao and the middle
and east of Chifeng. Obvious severe drought happened in the
middle of Chifeng. It is reported from Inner Mongolia weather
bureau that there was less than 10mm precipitation in the
northwest of the study area on August 9, 2009. Compared to
Fig. 3, up to August 13, 2009, area of slight drought and severe
drought was decreased (Fig. 4) due to the precipitation on Au-
gust 9, 2009. There was a obvious rainfall process in the
north-middle of Tongliao and west-south of Chifeng during
August 16—19, 2009, the precipitation in part was larger than
20mm, which is helpful for reduce water stress of the drought
area. As shown in Fig.5, up to date August 20, 2009, area of

slight drought and moderate drought was further decreased (Fig.

5) compared to August 13, 2009, drought status was observably
eased. However, there was still large area of drought in the
middle of Chifeng due to less precipitation in that area.

According meteorological information from Inner Mongolia
weather bureau, in the beginning of August 2009, the precipita-
tion was continuously less and the temperature was continu-
ously higher, which is especially disadvantageous for crop
growth. The precipitation is only S5Smm in large part of Chifeng
and part of Tongliao, which decreased 85% compared to the
same period of the past years. Therefore, severe drought hap-
pened in that area. Soil water content report of the first 10 days
of August 2009 from Inner Mongolia weather bureau also indi-
cated favorable soil water content condition in north and part of
middle of Tongliao and north of Chifeng. While in the middle
and south of Tongliao and middle of Chifeng, soil water content
condition reduced to a very low degree, indicating severe
drought happened there. In the middle of August 2009, soil
water content condition of the study area is better than the be-
ginning of August 2009 due to the influence of rainfall process,
especially in the north and south-west of Tongliao and north
and south of Chifeng. While severe water stress is sustaining in
the middle of Chifeng.

Compared Fig.3—Fig.5 to the history meteorological infor-
mation, we can see that the PDI based drought monitoring results
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Fig.3 Drought status of Tongliao and Chifeng (August 8, 2009)
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Fig. 4 Drought status of Tongliao and Chifeng (August 13, 2009)
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Fig. 5 Drought status of Tongliao and Chifeng (August 20, 2009)

are highly accordant with the real drought status and soil water
condition. Our study demonstrates the feasibility of time series
FY-3A/MERSI images and PDI drought index in displaying the
spatial distribution and the development of drought.
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5 VALIDATION

Since the PDI delivers information about the soil moisture
status, relating PDI and real soil water content is the direct way
for validation. In this study, scatter plot of PDI and field soil
water content measurement is used for this purpose. There are
six soil water content measurements on August 8 and 13, 2009,
which are respectively point A (120.33°E,45.07°N), B (121.28°E,
43.59°N), C (122.27°E, 43.75°N), D (120.65°E.42.85°N), E
(119.03°E, 42.95°N), F (118.97°E, 42.27°N) (Fig. 3—Fig. 4).

The validation results on August 8, 2009 are shown in Fig.
6—Fig. 7. It is shown from the results that there are significant
negative correlations between the PDI and 10cm, 20cm depth
soil water content, with the correlation coefficient R>>0.65.

Relationship between PDI and 10cm, 20cm soil water con-
tent on August 13, 2009 were further plotted. Since only soil
water content measurements on 8, 18, 28 are available for rou-
tine meteorological observation stations, filed soil water content
on August 13, 2009 was approximately acquired by calculating
the average of soil water content on August 8, 2009 and August
18, 2009. In this study, there is only small amount of rainfall
(less than 10mm) in the north of the study area from August 8,
2009 to August 18, 2009. Therefore, taking the average soil
water content of two adjacent times is feasible. The relationship
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Fig. 7 Relationship between PDI and 20cm soil water content
(August 8, 2009)

between PDI and 10cm, 20cm soil water content on August 13,
2009 are shown in Fig.8—Fig.9. It is found that there is obvi-
ous negative correlation between PDI and 10cm soil water con-
tent measurements as shown in Fig.8 with R>=0.41. Compared
to 10cm soil water content, the correlation between PDI and
20cm soil water content measurements obviously increased
(R?=0.69) (Fig.9). As discussed above, in the process of calcu-
lating of soil water content on August 13, 2009, the average soil
water content of two adjacent times is used. Therefore, error is
inevitably introduced. This is the reason that the correlations
between PDI and 10cm and 20cm soil water content on August
13, 2009 are lower than that the correlations on August 8, 2009.

Generally speaking, PDI has significant correlations with
10cm and 20cm depth soil water content (Fig.6—Fig.9). The
correlation between PDI and 20cm depth soil water content is
more significant than the correlation between PDI and 10cm
depth soil water content. Although the reflectance of red and
near infrared channels of satellite sensor is mainly from land
surface, for 10cm depth soil water content, it is easily influ-
enced by land surface wind speed and other meteorological
conditions (Ghulam, 2006). Therefore, soil water content of
10cm depth can not fairly be related to the reflectance of land
surface. Compared to 10cm depth soil water content, soil water
content at 20cm depth is nearer the crop root, which is more
sensible to crop water stress (Li et al., 1996). Therefore, the
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relationship between PDI and 20cm depth soil water content is
more stable. Li et al. (1996) compared the relationship between
NDVI derived from NOAA/AVHRR and 10cm, 20cm depth
soil water content. It is suggested that the correlation is obvious
higher for 20cm depth soil water content and NDVI than 10cm
depth soil water content and NDVI. Ghulam (2006) calculated
PDI based on ETM" image and related PDI with field soil water
content measurement at different depth. It is demonstrated that
PDI is highly related to 10—20cm depth soil water content. Qin
et al. (2008) validated the effective of PDI using MODIS 1km
resolution images, and confirmed the stable relationship be-
tween PDI and 20cm depth soil water content. Compared to
MODIS 1km image, FY-3A/MERSI has 250m spatial resolu-
tion, which reduces the noise of mixed-pixel and further im-
proves the correlation between PDI and 20cm soil water con-
tent. The validation result of this study gave further support to
above findings and shows great potential of FY-3A/MERSI
images in drought monitoring applications.

6 CONCLUSION AND DISCUSSION

Medium Resolution Spectral Imager (MERSI) on board the
new Generation Polar-Orbiting Meteorological Satellite of
China (FY-3) are to provide global, quantitative, high spatial
resolution remote sensing data under all weather conditions,
which will greatly help drought monitoring research and appli-
cation in China. In this study, FY-3A/MERSI data and PDI are
used to monitor drought event happened in the summer of 2009
over the northeast of Inner Mongolia Autonomous Region,
China. Results show that drought status derived from PDI is
highly accordant with field drought observation. FY-3A/MERSI
based PDI has significant correlation with 10cm and 20cm
depth soil water content. Compared with 10cm depth soil water
content, PDI has more stable relationship with 20cm depth soil
water content. It is demonstrated that FY-3A/MERSI data has
shown great potential in drought monitoring applications.

However, PDI is based on the concept of a fixed soil line in
Red-Nir space. In reality, the shape of soil line is influenced by
soil texture, soil water condition, fertilization and mix-pixel
condition. The straight line property of soil line is only true in
some spatial and temporal range. Therefore, M value in calcu-
lating PDI should be dynamic in large area with great land
cover difference and long time span. Considering that the time
range is very short and the study area only cover two cities in
this study, M could be regarded as a fix value. This assumption
could be one of the error sources in final drought monitoring
result. Furthermore, remote sensing data used in this study has a
spatial resolution of 250m, which can not directly match the
field measurements of soil water content. Finally, drought
guidelines based on PDI in this study is based on the analysis of
the relationship between PDI and field soil water content meas-
urements. It may be dynamic change due to atmosphere condi-
tion, the angle of remote sensor, land vegetation cover type and
crop growth stage. The effect of PDI dynamic will be the main
scope of our future work.
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