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Derivation of wind fields in dust storm region
of clear-sky from FY2E infrared window
imagery using the time difference technique
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Abstract: We compute the total increase of the brightness temperature ( 7) from each of the five layers in an FY2E IR1 w indow
imagery which corresponds to 50% and 30% increments in the aerosol extinction coefficient within a half hour p eriod. We used the
MODTRAN radiative transfer model under the U. S. standard atmosphere and analyzed the contributions to the total increment in
aerosol extinction coefficient in spring and the level at which the layered increment in T’ caused by an increment in the aerosol ex—
tinction coefficient is absolutely maximal compared with the T values of other | evels. We describe a time difference technique based
on atmospheric radiative transfer theory aim to extract the weak aerosol tracer from the FY2E infrared ( IR) window channel with
a sensitivity of 0.2 K for clear sky conditions. Both the simulation and case studies results show that we can obtain atmospheric mo—
tion vectors ( AMVs) in the arid and semi-arid dust outbreak region by tracking the movement of a weak aerosol tracer in the FY2E
infrared ( IR) window channel using the time difference technique when traditional cloud tracking does not work due to the lack of
clouds. The results are in good a greement with the 850 hPa wind field acquired in National Centers for Environmental P rediction
( NCEP) reanalysis data.
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1 INTRODUCTION

Wind-related information is one of the most important sets of
meteorological data. However it is not measurable in areas that
lack conventional meteorological observation stations. Even in in—
land regions the distribution density of conventional stations of—
ten makes it difficult to meet the demands of monitoring a
nalyzing and forecasting on small and medium scales ( such as a
gust of wind or shower of rain) .

The wind vectors derived from satellites depend mainly on
the tracking of clouds in the Visible Satellite Imagery ( VIS) and
Infrared Satellite Imagery ( IR) or by tracking water vapor from
the Water Vapor Channel ( WVC)
tively referred to as Cloud Motion Wind ( CMW) and water vapor
1985; Schmetz et al. 1993; Velden

et al. 1997). However clear skies would prevent the occur-

and the products are respec—
wind ( Stewart et al.

rence of determining these kinds of vectors using the cloud track—

ing technique. Water Vapor Channel ( WVC) imagery has been
used to derive winds which compensate for this to a certain ex—
tent but if we are also able to use tracers in addition to clouds
from IR channel imagery additional Atmospheric Motion Vectors
( AMVs) may be available especially during clear sky periods.
Atmospheric aerosol refers to all kinds of solid and liquid
particles suspended in the atmosphere. Although aerosols account
for only one billionth of the total air quality they have a signifi—
cant effect on the atmospheric radiation transfer and water cycle
(Luo et al. 2001).

search of climate and environmental changes

Aerosols act as a key factor in the re—
significantly im-
pacting the radiation budget in geo-gas systems. The longwave
radiation effect of most aerosols is far smaller than the shortwave
radiation effect ( Shi 2007) . Moreover dust aerosols with lar—
ger particles not only increase the reflection of solar shortwave ra—
diation but also decrease the downward transmission trends. At

the same time they absorb the longwave radiation on the surface
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and a tmospheric downward reflection of radiation leading to an 1
ncrease in temperature above the dust layer and cooling below it.

Zhang et al. (2002) analyzed the distribution and charac—
teristics of aerosols in China using a sun photometer ground ob—
servation and satellite remote sensing and found that the aero—
sol optical depths correspond to the peak values obtained in the
Yellow River Yangtze river coastal area and Sichuan basin all
year round. In most areas the aerosol optical depth is the largest
during spring especially in arid and semi-arid regions where
dust particles are common and the Aerosol Optical Depth
( AOD) is significantly greater than in the other seasons. Zhan
et al. (2012) combined the split window and AMWs techniques
to retrieve the wind vectors from the 11 wm and 12 wm channels
on the VISSR onboard the FY2E geostationary satellite. The
sand aerosol sensitivity analysis for geostationary meteorology sat—
ellite IRSW channels has been performed using the MODTRAN
radiative transfer model. Using the image difference mask method
and treating the dust aerosol as a tracer effective wind informa-—
tion can be obtained from the arid and semi-arid dust outbreak
region in which the conventional AMVs cannot be r etrieved.

The total increase in the brightness temperature in FY2E
IR1 window imagery corresponding to 50% and 30% increments
in aerosol extinction coefficient within 0.5 h from each of the five
layers has been computed with the MODTRAN radiative transfer
model under the U. S. standard atmosphere and we analyzed the
contributions to the total increment in the aerosol extinction coef—
ficient in spring and the level at which the layered increment in T
caused by an increment in aerosol extinction coefficient is maxi—
mum compared with the 7' values of other levels. We describe a
time difference technique based on atmospheric radiative transfer
theory for the extraction of the weak aerosol tracer from the FY-
2E infrared ( IR) window channel with a sensitivity of 0.2 K for

clear sky periods.
2 TIME DIFFERENCE METHOD

The LW radiation measured by the satellite at infrared wave—
lengths is modified during its passage through the atmosphere.
The atmosphere is characterized by the presence of several enti—
ties that absorb and emit radiation such as H,0 and CO, mole—
cules atmospheric aerosol particles and atmospheric pollutants.
Hence the spectral radiation /, observed by the satellite can be
expressed as

I, = e B(T)7,(0) + [ () (7 (d: (1)
where A represents the wavelength &, represents the surface e
missivity B,( T,) is the Planck function that corresponds to the
surface temperature T, B, ( z) is the Planck function at height z
a, is the atmospheric extinction coefficient ( including atmospher—
ic absorption and scattering) J, (z) is the source function at
height z ( including the Planck radiation and scattering r

adiation)

®

(2 = exp(—J;

where 7,( z) is the atmospheric transmittance from height z to the

(2 dz) (2)

top of the atmosphere

7.(0) = exp{ - [ a2 dz} (3)

is the atmospheric transmittance for the entire layer. Based on

©

the above analysis [, can also be expressed as
I, = [)\( e I, T (3TN} B agds) (4)

that is  the spectral radiation /, observed by the satellite in a
clear sky is determined by the surface emissivity surface temper—
ature atmospheric temperature at one level water vapor aerosol
e xtinction coefficient and other ingredients.

Assume that the increment of the spectral radiance in a pixel
under observation for a short period At( ¢, —t,) is

Al =1; -1} (5)

Suppose that At is sufficiently short then

dr,
Al, = o At (6)
based on Eq. (4) the total derivative of I, respective to ¢ is
A, ol de, ol AT, ol ar()
dt " 9e, &t 9T, &t 9T(z2) e
al,  dao(3) o, dB..(2)
+ +
dayo( 2) dt B ( 2) dt
al, dag‘,g(z)

Ao, ( 2) de (7)

Additionally in the short Az period suppose that the sur—
face emissivity and the other ingredients can be omitted; the sur—
face temperature and atmospheric temperature can be omitted on
sea while on the land we used the split window difference tech—
nique to mitigate the impact of local temperature then the only
term that remains from Eq. (7) for the arid and semi-arid regions
(in which there is little water vapor) is expressed as

i, ol dBu(2) "

dr 9B..(2) de
based on Eq. (6) we can obtain the numerical expression for E
q-(9) or Eq.(10).

ALl 8g.(d) )

At 9B (2) A
or

al,

Al = Mﬁﬂm( 2) (10)

Eq. ( 10) represents the increment of spectral radiation /, caused
by Ap( g/m’) . According to Eq. (1)

bserved by the satellite corresponds to the accumulated value in

the total increment of /, o

the entire atmosphere layer.

In the MODTRAN radiative transfer model we can obtain
the equivalent spectral radiance of the FY2E IR channel by the
convolution of the sub-spectral radiance L, ( A) observed by
the remote sensor and SRF f, ( A) of the FY2E IR channel.
Therefore I, in the above formulas can also be written as

[Lel ) = £ (1) A
I = (11)
[0 da

According to the Planck function we can convert the spec—

tral radiance /, into an equivalent brightness temperature

cA\”

C, )
-1
exp(/\T

B

I, = (12)
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from this we can get

G

ln[ SCI +1]
AI(A)
where €, =1.191 x10 ™% ( W/em’ /sr/(em™") *) is the first ra—

diation constant for the spectral radiance and C, =1.439 (K *

T = (13)

cmfl) is the second radiation constant for the spectral radiance;
T is the brightness temperature ( K) .

We can obtain the exact numerical derivative of the spectral
radiance by using MODTRAN. AgB
the aerosol extinction coefficient for a specific narrow height in
At. By applying Eq. ( 10) and Eq. ( 13)

act numerical derivative of the brightness temperature in the FY-

represents the increment of

ext

we can obtain the ex—

2E IR window imagery with respect to the increment of the aero—
sol extinction coefficient. In this paper we analyzed the contri—
butions of the total increment of the aerosol extinction ¢ oefficient
to the total brightness temperature in spring and to the height
assigned to the derived AMWs in clear sky conditions.

Due to the impact of wind precipitation and temperature
in spring there are frequent dust storms in the northern area
and dust aerosol particles will exhibit obvious movement during
gale conditions and the diurnal variation of the atmospheric sta—
bility ( Shen et al. 2007)

sol optical depth to exhibit obvious and intense changes in a short

which causes the atmospheric aero—

period of time. The optical depth may rapidly increase to a very
large value and can increase by 1 or 2 when the dust storm oc—
curs for 0. 5—1 h; when the storm ends the optical depth can
2002;
Therefore the optical depth can exhibit

quickly r eturn to the basic normal level ( Zhang et al.
Shen et al. 2007) .
significant variations in a short period of time in spring during
dust storms. In this paper we set the increment of the aerosol

extinction coefficient as 50% in a half-hour period.

/
—2_ is constant for a horizontal scale of 80 x

ap( 2)

80 km® which is taken as the size of a tracer module and AB

Assume that

ext
represents the advection movement of the aerosol. We can infer
that the texture in the subtraction imageries of pairs of three ¢
onsecutive half-hour IR window imageries is caused by the a
dvection movement of the aerosol. Therefore we can obtain the
wind fields for clear sky conditions by extracting and tracking the
texture motion information and the height assigned to the de-
rived AMVs in clear sky conditions is basically the level at which
there is a maximal increment in 7B caused by the increment of the
aerosol extinction coefficient compared to all other levels.

In this study the technique described above to derive AM—
Vs in clear sky conditions is referred to as the “time difference

method. ”

3 MODEL CALCULATIONS FOR TIME DIFFER-
ENCE TECHNIQUE

Because the distribution of the aerosol in the space is not u
niform we assumed that the concentration of the aerosol decrea—
ses exponentially with an increase in height by referring to Shen
(2007) as shown in Eq. ( 14) :

N,(h) = N,(0) e (14)

where N, (0) represents the aerosol concentration on the ground

N,(h) is the aerosol concentration at height A and H, refers to
the aerosol scale height which indicates the descent rate of the
aerosol as the height increases. In the Peterson Model and K
oschmieder Model the aerosol scale height varies according to
the season ( Nann & Riordan 1991) .
height is 1.25 km in spring. From Eq. ( 14) we obtain
Buu(h) =B, (0) ™™ (15)

where B.,(0) is the aerosol extinction coefficient on the ground

Specifically the scale

and B.,( h) refers to the aerosol extinction coefficient at height
h. The relationship between the aerosol optical depth and aerosol
extinction coefficient can be given as Eq. ( 16) ( Elterman

1970; Wang 2004)

w, = [ Bul0) e dh = B (0) H, (16)
0
Then the aerosol optical depth at a certain layer is
h
w, = | B..(0)e" " dh (17)

h,

MODTRAN can obtain the aerosol optical depth from the
aerosol extinction coefficient which is based on V ( horizontal
meteorological range) season and water vapor amounts. He
(2003) provided the empirical relationships between V and the
aerosol optical depth corresponding to different seasons according
to MODTRAN simulation results Eq. ( 18) .

V=—-— (18)

wa a
where @ and b vary according to the season aerosol type and
water vapor content. According to his study we selected values
of @ =0.1202 and b =0.2974 in spring.

To simulate the aerosol profile we assume that the aerosol
optical depth of the whole atmosphere is 1.0 ( Guan & Li 2010)
and the aerosol scale height is 1.25 km. According to Eq. ( 16)
the aerosol extinction coefficient on the ground g,,(0) is 0.80. U
sing B..(0) in Eq. ( 17)
can be calculated
rological range which is required by MODTRAN in E q. (18) .

The surface temperature was set to 292 K and the water vapor con—

the aerosol optical depth of each layer

and will determine the horizontal mete-o

tent was set to 0.3 g/cm’. We calculated the increment of the
brightness temperature caused by the 50% increase in the aerosol
extinction coefficient of each layer from O km to 5 km. The r esults
are shown in Table 1. The columns from left to right in the table r
espectively refer to the height pressure temperature water vapor
volume ratio in ppm ( weight) aerosol extinction c oefficient

aerosol optical depth horizontal meteorological range the deriva—
tive of the brightness temperature respective to aerosol extinction
coefficient in IR1 channel and the increment in the brightness
temperature for each layer. It can be seen from Table 1 that the
total increment in T reaches —0.379 K which is the sum of the
last column in Table 1 and is almost twice as much as the temper—
ature-sensitivity threshold (0. 2 K) of the F Y2E IR window
channel ( assuming that the aerosol above 5 km is negligible) . The
increment in T caused by the increment of the aerosol extinction
coefficient is maximal below 2 km. Through further calculation a
30% increment in the aerosol e xtinction coefficient in a half-hour
period can make the increment in T reach —0.210 K which is
more than the temperature—sensitivity threshold of the FY2E IR
window channel. This indicates that the FY2E satellite can ob-

serve this signal through a dust storm.
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Table 1 The profile of the aerosol parameter and the increment of the brightness temperature caused by
a 50% increase in the aerosol extinction coefficient in the U. S. standard atmosphere in spring
T
h/km P/hPa T/K H,0/PPMV B (h) AOD V/km 6,86( k) AT/K
0 1013.3 288.2 1080 0.800 0.55 12. 66 -0.340 -0.173
1 898.8 281.7 721 0.359 0.25 30. 81 -0.598 -0.107
2 795.0 275.2 691 0.160 0.11 73.16 -0.713 -0.057
3 701.2 268.7 224 0.072 0.05 163.92 -0.750 -0.032
4 616.6 262.2 137 0.032 0.03 274.85 -0.563 -0.009
5 540.5 255.7 80 0.0015 0.002 4157.26 -1.333 -0.001

4 CASE STUDIES
4.1 Analysis of weather process

To determine the impact of strong cold air and Mongolia cy—
clones we observed the case for a dust storm that engulfed the
Nanjiang basin the east part of northwest China central and
western regions of Inner Mongolia north China and west part of
northeast China from April 28 to 30 2011. Of these areas the
Nanjiang basin west part of Gansu province and west part of
Inner Mongolia suffered particularly from the strong dust storm.
This dust weather was the strongest and most extensive in area

since the spring of the previous year.
4.2 Case studies in clear-sky conditions

We chose three sets of longitudeatitude-projected IR ima—
ges observed by FY2E during the period 05: 01—06: 01 ( UTC)
on April 28 and 06: 01—07: 01 on April 30 2011. Then they
were used to conduct cloud masking time difference p rocessing
and linear increase and then applied to the Cloud-Motion Wind
Inferring System ( CWIS)
Zeng( 1996) .
FY2E IR window imagery we obtained the AMVs retrieved from

which was developed by Wang and

By tracking the movement of aerosol s ignals from

the method mentioned above. The results are shown in Fig. 1 and
Fig. 2. Because cloud imaging cannot ¢ ompletely cover the cloud
area we compared it with the cloud motion winds ( Fig. 1( b))
from the National Satellite Mete-o rological Center ( NSMC)
took the area outlined by rectangle A as the experimental area.
Fig. 1( a) shows the CMWs retrieved from the original TR
imagery with CWIS at 05: 01 on April 28. Fig. 1( ¢) gives the
850 hPa wind field of the NCEP reanalysis data for comparison.

and

It can be seen that in the central and northern parts of Mongolia
( rectangle A)  which refers to the clear sky area we can obtain
the wind field using the time difference method by tracking the
aerosol signals in Fig. 1 (¢) and the method has basically ¢
overed the clear sky area whereas the conventional CMW tech—
nique fails in this regard.

It would be better to validate the AMVs retrieved from the
time difference technique presented above by using the real o
bservational data in that area. By following the studies involving
the validation of NCEP reanalysis data done by Zhu et al.
(2012) and Su et al. (1999) we compared it with the 850
hPa wind field of NCEP reanalysis data. It can be seen that the

wind directions are almost consistent with each other both repre—

sent west or southwest directions and the average wind speed ob—
tained using the time difference technique is 8 m/s which is rel-
atively higher than the wind speed in Fig. 1( d) .

On the morning of April 30 a sandstorm appeared in the
central and eastern regions of Inner Mongolia north of Shanxi
province Hebei province and the western part of northeast
China. The CMW results obtained from the original IR imagery
with CWIS and from the National Weather Meteorological Center
at 06: 01 of April 30 2011 are shown in Fig. 2( a) and Fig. 2
(b) respectively. Fig.2( ¢) shows the AMWs retrieved using
the time difference technique. Fig. 2( d) shows the 850 hPa
wind field of NCEP reanalysis data at 06: 00 on April 30
2011. Tt can be seen from Fig. 2( a) and Fig. 2( b) that there
are no wind vectors in the central and eastern regions of Inner

the

regions that refer to the clearsky area appear dark. In this

Mongolia and the north of Shanxi province. In Fig. 2( a)

we can obtain the wind field from the time difference
and the

case
method by tracking the aerosol signals in Fig. 2( ¢)
method has basically covered the clear sky area that is not cov—
ered by the conventional CMW technique.

Compared with the 850 hPa wind field of NCEP reanalysis
data ( Fig. 2( d))
from the time difference technique for the clear-sky region is

we can see that the wind direction retrieved
northwest which is consistent with the directions observed in the
NCEP r eanalysis data. In the middle of Inner Mongolia the av-
erage wind speed obtained using the time difference technique for
which is 4—6 m/s smaller than

those values obtained in NCEP reanalysis data. In the northern part

clear-sky conditions is 8 m/s

of Shanxi the average wind speed retrieved using the time differ—

ence technique is consistent with that in the NCEP reanalysis data.
5 CONCLUSION

The total increment in brightness temperature in FY2E IR1
window imagery corresponding to a 50% and 30% increment in
the aerosol extinction coefficient within a half-hour period from
each of the 5 layers was computed with the MODTRAN radiative
transfer model under the U. S. standard atmosphere. Also we
analyzed the contributions to the total increment in the aerosol ex—
tinction coefficient in spring and the layer at which the increment
in T caused by an increment in the aerosol extinction coefficient
is the most among all five layers. From the simulation result the
total increment in T reaches —0.379 K and is maximal below 2
km. Also a30% increment in the aerosol extinction c oefficient

within a 0.5 h period can make the increment in T reach -0.
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210 K which is more than the temperature-sensitivity threshold
of the FY2E IR window channel. This indicates that FY2E IR1

regions under certain conditions.

E

(¢) CWIS aerosol motion winds (d) NCEP 850 hPa wind field

Fig.]  AMVs comparison analysis for the case in area A on April 28, 2011

et S

Faul Py :
) NSMC IR

(a) CWIS cloud motion winds (b | CMW production

I ) .‘( 3 ' ..,,\,,

/'4-)/‘
/L
W

LA

VL
P e e

&

ol
Val

=
AR
o T e

7
A

_.]L'_h 4 : A
(c) CWIS aerosol motion winds
Fig2 AMVs companson analysis for the case in area A on April 30, 2011

(d) NCEP 850 hPa wind field

window imagery can be used to derive wind fields for clear-sky
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Case studies were presented to verify the simulation analy—
sis and the results show that by tracking the movement of aerosol
in clear sky conditions using the time difference technique AM-
Vs rather than traditional CMW have been o btained. The ob-
tained AMVs are in good agreement with the 850 hPa wind
field of the NCEP reanalysis data which provide useful infor-
mation and supplement the monitoring of the sandstorm’s mo—
tion.

It should be noted that the extraction of sand aerosol motion
signals mainly depend on the increase in the brightness tempera—
ture that resulted from by the increase of sand aerosol. Further—
more we can trace additional texture features caused by more
obvious motion of the sand aerosol which will improve the a
pplicability and accuracy of this method. Otherwise we cannot
use sand aerosol as a tracer. Moreover this paper focuses
mainly on the theoretical derivation and did not study the feasi—
bility of different atmospheric conditions regions and seasons.
Also the height assigned to the aerosol motion winds is mainly
in the boundary layer which needs to be verified in a future
study.
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