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Abstract Based on the improved interaction mechanism of two-layer model, this paper pro-
posed Pixel Component Arranging and Comparing Algorithm (PCACA) and theoretically posi-
tioning algorithm, estimated the true temperature of mixed pixel in four extreme points in com-
bination with the measurements of dry and wet points in calibration fields and improved the reli-
ability of positioning dry and wet line. A new two-layer energy-separation algorithm was proposed,
which was simple and direct without resistance network parameters for each pixel. We also
proposed a new thought about the effect of advection. The albedo of mixed pixel was also
separated with PCACA. In combination with two-layer energy-separation algorithm, the net ra-
diation of mixed pixel was separated to overcome the uncertainty of conventional en-
ergy-separation algorithm using Beer's Law. Through the validation of retrieval result, this
method is proved to be feasible and operational. At the same time, the uncertainty of this algo-
rithm was objectively analyzed.

Keywords: two-layer remote sensing model of surface flux in regional scale, PCACA, layered energy-separation algo-

rithm.

DOI: 10.1360/05zd0023

It is well known that currently the techniques to
measure the surface flux and related parameters are
limited in single point. For the data measured on het-
erogeneous surface, these measurements could not
well represent the real rule of spatial distribution. As a
result, the attribute data about regional and global
geosciences are often discrete. One of the main rea-
sons for this is that data of a single point were often
regarded as that of a certain regional surface in many
applications, which makes data inaccurate. In fact, the
research about regional surface flux’s regulation needs
regional and continual 2-D data to reflect truly objec-
tive world. So, there is a supply/demand conflict be-
tween the measurement ability in point and the need of
objective world. This conflict is a rigorous challenge.

More and more attention has been paid to the re-
trieval method of surface flux with remote sensing
data. Especially, the development of the quantitative
thermal infrared remote sensing strongly attracts many
meteorologist and hydrologist. Some quantitative re-
mote sensing scientists have paid much attention to the
surface temperature because the information provided
by surface temperature is the synthetical result of the
heat and water balance in surface. So the information
about the heat balance and water balance is implied in
the surface radiative temperature. How to extract and
excavate the information is a key problem. For about
two decades, several remote sensing models and
methods were developed to estimate the 2-D distribu-
tion of surface flux'' ). Generally speaking, at present,
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one-layer models for wet dense vegetation mainly in-
clude SEBAL® and SEBS" that is an improved
model based on SEBAL. The essential of these models
is that the mixed pixel composed of leaf and soil is
treated as a big leaf. In their application, wet and dry
point are selected in remote sensing image and the
experimental relationship between air and surface
temperature is used to eliminate the air temperature
that is difficult to estimate by means of remote sensing.
These models are suitable for the regions with dense
vegetation. However, in semi-wet or semi-arid regions
without dense vegetation, taking soil and vegetation
into account respectively would be more reasonable.
Deardorff!'”, Dickson!'"!, Suttleworth!'* et al. pro-
posed the resistance-network concept to separate soil
from vegetation. Choudrury and Monteith!*'*! ex-
panded the tow-layer model based on resistance-net-
work. Although a set of equations with six equations
and six unknowns are built, the system is still limited
in field scale of agriculture meteorology. Norman de-
veloped a parallel two-layer model (N95)™! and pro-
posed the key steps to separate radiative surface tem-
perature with multi-angular infrared measurements.
They still used Beer’s Law to separate the net radia-
tion. Its essential is to simplify the resistance-network
concept of two-layer model. N95 model combined the
remote sensing data and the surface data, developed
the application of two-layer model in region scale.
Then, Kustas et al. made some improvements on the
parallel two-layer model and physically explained dif-
ferences between the parallel model and other models
such as the system model, the patch model. They also
analyzed the uncertainty on the separation of net ra-
diation with Beer’s Law''®"'®\. However, they did not
discuss the separation method of mixed radiative tem-
perature with multi-angular measurements and its un-
certainty in detail.

ATSR sensor, lunched by European Space
Agency (ESA), has some special instruments with
forward 53° and nadir view angles to gain the thermal
infrared images. This sensor provides a new way for
separating temperature of soil from that of vegeta-
tion'®”, The uncertainty of this method is that the pixel
(1.06 kmx1.06 km) measured at nadir view angle is

Science in China Ser. D Earth Sciences

not identical with the pixel (2 kmx1.5 km) measured
at forward view angle. Thus, their areas and shapes are
different and the users have to resample the remote
sensing images. Because the areas are different be-
tween the pixel scaled by some pixels at nadir view
and the pixel scaled by some pixels at forward view,
some errors are introduced. Furthermore, re-sampling
will reduce the spatial resolution of remote sensing
data. On the other hand, remote sensing data source
used widely now do not provide multi-angular data,
which also limits the wide use of this method.

Another temperature separation method of the
mixed pixel presented by us before is to utilize the
two-temporal data in morning/noon to retrieve thermal
inertia information and building another equation to
estimate 7, and 7,*' "', The advantage of this method
is to use thermal infrared multi-temporal information
to separate surface temperature with NOAA-AVHRR
and MODIS data. The disadvantage lies in the fact that
factorial coefficient of the local thermal inertia and
wind must be determined by experiment. Based on our
original model and research, a new operational
two-layer model and its theoretical basis (including
PCACA algorithm, theoretical positioning algorithm
and two-layer energy-dividing algorithm) are proposed.
The physical basis of PCACA algorithm to separate
the albedo of mixed pixel and two-layer en-
ergy-separation algorithm to separate net radiation of
mixed pixel has been discussed. The method and prin-
ciple of separating radiative temperature and net radia-
tion of mixed pixel has been emphasized. The above
methods have been validated by MODIS data and si-
multaneous measurements in Dongping Lake. The
surface flux retrieval steps, including MODIS data
receiving, cloud mask, multi-band matching process,
atmospheric correction, separation of surface tem-
perature and net radiation, the retrieval steps of surface
flux, simultaneous calibration in Dongping Lake,
scaling of pixels, validation with data from Yucheng
Station, are described.

1 Establishment of the PCACA algorithm

1.1 The physical basis of PCACA and temperature
decomposition

T. Carlson met many difficulties in the process of
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quantitatively solving the equations with too many
unknowns. So in order to satisfy the need for applica-
tion, the information link between NDVI and pixel
radiative temperature was proposed to simply analyze
the moisture availability of the surface, then a direct
and concise analytical method was found. This method
is very valuable in some cases for its simpliﬁcation[m.

Moran (1989) did a series of experiments in
eighteen alfalfa fields with various fractional vegeta-
tion cover (VFC) and various water-deficiency. The
experiments lasted for more than 90 days, the whole
growth period of alfalfa. The results indicated that the
surface temperatures for different VFC all fell into a
trapezium constructed by the vegetation index and
surface temperature. The linear interpolation between
wet and dry line of the trapezium, could be used to
quantitatively estimate the water deficiency of al-
falfa?>?®),

The above studies indicate that abundant infor-
mation will be explored through combining vegetation
index with surface temperature. Here, the information
will be used to drive the algorithm for separating tem-
perature of the mixed pixels.

The relationship between the temperature of
mixed pixel and VFC can be expressed as

o€, T = 0, [T} + 0e,(1- )T, D)

where T, T, and T are respectively the surface tem-
perature of mixed pixel, vegetation canopy and soil
surface. e, & and & are the emissivity of mixed pixel,
vegetation and soil surface. o is the Stefan-Boltzmann
constant. fis VFC of mixed pixel. Ty, f; & and & in eq.
(1) could not be retrieved, because there are two un-
knowns in one equation. So another equation is needed
to solve. One known method is to build two equations
with two angular measurements:

€T = O€, ;T

m
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where subscripts 1 and 2 represent the two different
angles. T, and T could be retrieved using these two
equations. Ty; and T,, measured under two angles

must be identical, So is T;; and Ty,. Seen from eq. (1),
T, the temperature of mixed pixel, could be expressed
as the function of T, , T;and f. Computing the differ-
ential coefficient of T, we could get eq. (4):

8w g9 _ et @)
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df df ‘

Multiply f on the two sides of eq. (4) and rearrange
this equation:

L dT,

f[4e + +T* %J: fET - feTt.  (5)

Solving egs. (1) and (5), T; could be expressed as

1
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Solving egs. (1) and (4), T, could be expressed as
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where &, can be replaced by the mean value, which
will not introduce large errors. f can be measured in
experiment. &, can be estimated from power-weighted
equation. d&,/df can be achieved by means of simu-
lated arithmetic. So the problem of separating mixed
pixel’s temperature can be solved if dT,/df is esti-
mated. The above steps can be simplified when the
following approximation are introduced.

¢ %m g,

df
And the above procedures are all based on the as-
sumption that d7.,/df~0, dTy/df~0. However, in pixel
scale, these two equations are not equal to zero in
practice because the humility is always larger and the
surface temperature of vegetable canopy is always
lower in dense vegetation. Supposing that 2dT,/df~

dT/df and 2dTJ/df~dT,/df, the expression can be
simplified as

E,=E =E,. (8)



228
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The above result indicates that whether for the com-

plete expression of T or for the simplified expres-

sion of Ty, T, and Ty all can be calculated. So every
pixel’s position in the trapezium can be determined
according to its T,-T,, T, and f Of course, some
pixel’s positions probably can be overlapped (fig. 1).
When VFC of one pixel is determined, a T, value can
be obtained through infinite combinations of T, and T.,.
In addition, because the rate of soil water supply is
equal for the same slope line in the trapezium, not only
T—T, is equal for the same slope line, but also T, and
T, are respectively equal and only VFC is variable.
Our aim is to separate the surface temperature into T
and 7T,. To do that, the distribution of mixed radiative
temperature-VFC for all pixels is analyzed as the fol-
lowing. Its feasibility is also analyzed theoretically.

Surface temperature of mixed pixels/k

0.30 0.60 0.90 f

VFC
Fig. 1. Trapeziform structure, theoretical position of every kind of
lines and points. 1, Absolute dry line; 2, actual dry line; 3, actual wet

line; 4, absolute wet line; 5, equal fractional vegetation cover; 6, en-
velop line of pixels; 7, equal slope.

The essence of the above method is to simulate
Tn’s variability with f, namely dT./df by
pixel-arranging method and achieve the solutions with
analytic geometry method. The principle of this

method is the same as that of the multi-angular method.

The multi-angular method is to obtain different VFC
and radiative temperature of mixed pixels with equal
soil temperatures and equal vegetation temperatures
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under two different angles. Similarly, the principle of
the pixel-arranging method is that isolines exist in the
correlative figure of temperature and VFC, with iden-
tical soil temperature, vegetation canopy temperature,
sensible heat flux, latent heat flux of every pixel, but
the radiative temperature is different due to VFC dif-
ference for each mixed pixel. So, along an isoline the
difference of VFC is similar to the difference caused
by two different view angles. And the method over-
comes the uncertainty due to the different areas meas-
ured in two view angles. This method is called Pixel
Component Arranging and Component Algorithm
(PCACA).

Supposing that the coupling mechanism between
soil and vegetation canopy accords with the two-layer
model proposed before”?! and differs from the patch
two-layer model and modification was made in the
physical concept: the minimum unit of two-layer
model is composed of the soil under a single plant and
the near soil, then their radiative sources and driving
forces can be different. However the surface tempera-
ture of soil can be different from surface temperature
of canopy. In the minimum unit water resource of
vegetable root is the same as that of soil (with root)
due to expansion of vegetable root and infiltration of
soil water. When the prevailing minimum units are
integrated, water sources of bare soil and the soil un-
der vegetation are the same. So some transitional lines
exist between the dry line and the wet line and are
identical with the slope lines. The above assumptions
have been validated by the researches of Moran!**2¢,

The uncertainty of these assumptions comes from
differences from the patch parallel two-layer model
where completely different soil water conditions exist
for soil with relatively large area and dense vegetation
in one pixel.

1.2 The theoretical positioning and retrieval method
of wet line and dry line

According to the above analysis, the key step of
separating temperature of mixed pixel is how to cal-
culate dT,/df. During the calculation, if the extreme
dry point, wet point and points with various VFC all
exist in the region, which is an ideal condition, the
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Fig.2. The minimum unit of two-layer energy balance model with the same source for soil water.

coordinate position of each pixel will be arranged to
straight lines and the lines with various slopes will
constitute a good shape trapezium. If some points with
certain conditions, especially the extreme dry point
and wet point do not exist in the research region, these
points will not appear in the region where between the
dry point and the wet point, even the vacant region
will happen. So the line of the trapezium of the pixels
will deviate from the dry line and the wet line, and the
convex and the concave will happen. That is to say,
some points are absent in the trapezium, which will
cause the uncertainty in the calculations of dry line,
wet line and dT,,/df.

In fact, each component T, in the trapezium
graph is controlled by thermal energy balance equation.
When solar radiation, wind speed do not change much

in larger region, besides Ty, f, wetness index w is also
a chief parameter and the heat energy balance equation
can be expressed as

R,-G=H+LE. (10)

If soil heat flux G and net radiation R, has the follow-
ing relationship G=0.3(1-0.9)R,, eq. (11) can be
obtained:

R [1-03(1-09f)1=H+LE. (11)

When the soil is very dry, an extreme condition,
there is no soil water evaporation, vegetation transpi-
ration, and the soil water is close to the wilting coeffi-
cient, the thermal energy balance equation is

R [1-03(1-09f)]=H. (12)
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For dry bare soil, f = 0, its thermal balance equation
can be written as

125G T

Isp

0.7[ o1 - ayp) + 08, T, — OEp T

(13)

After rearranging the equation, we get

C,
P Ty +0'7GESDTS1)

Isp

C,
ol Pk X OV
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=0.7[S,(1 - g ) + OF,

a sky

where Tsp is the bare soil temperature, p is density of
air, c; is the volumetric heat capacity of air, r, is the air
dynamic resistance, &p is the emissivity of soil sur-
face, o is the Stefan-Boltzmann coefficient, Sy is the
solar incident total radiation, asp is the albedo of dry
bare soil, &, is the emissivity of air.

An iterative algorithm is used to solve the equa-
tion, and Tsp can be expressed as

C
]+p PT,

o a5

0.7[S,(1 — a5 ) + 0%, T,
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Tor, =
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Isp,
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If T, is replaced by TS, eq. (15) can be simpli-

fied as an algebraic equation. Ty, can be expressed as

pC
0.7[S,(1 - o) + O asky]+ —LrT

Isp

+—.  (l6)

Ten =
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Tsp,
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The most parameters on the right side of eq. (16) can
be measured in flux observation station or agro-mete-
orological station, or meteorological station, hydrol-
ogy station that is just located in or close to the ex-
tremely dry bare soil pixel. The best method is to build
dry bare soil calibration field and measure these pa-
rameters with Large Aperture Scintillometer (LAS).
Among these parameters, direct solar radiation, sky
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equivalent temperature and wind speed can be repre-
sented using one point value and can be expanded in
the spatial scale. The albedo of dry bare soil is a stable
value for certain roughness length and solar zenith
angle. The resistance of dry bare soil for some typical
surfaces is mainly determined by local wind speed that
can be calculated through the wind speed distribution
data from county meteorological station network.
Therefore, rsp, can be computed. Thus, Tsp can be
calculated from eq. (16). That is to say, the position of
dry bare soil is theoretically determined.

Following the above idea, when VFC is up to
100%, surface temperature becomes canopy surface
temperature, and soil water content under the canopy
should be the same as water content of the dry bare
soil. The parameters like albedo, air dynamic rough-
ness length and vegetation surface temperature are
changing. From dry bare soil albedo to dry vegetation
albedo along the dry line, Typ, the surface temperature
of dry and full cover vegetation, can be expressed as

0.97[S,(1 —ayp ) + O¥, gky]+p PT

Top = . an

C
it B} 970eypTivp
vp

According to the theoretical analysis, the vegeta-
tion at that time is in strong water stress condition.
Most of the parameters on the right side of eq. (17)
can also be measured in flux observation station or
agro-meteorological station, or meteorology station,
hydrology station that is just located in or close to the
extreme dry bare soil pixel. Building dry bare soil
calibration field is the best method, too. The albedo of
vegetation is also a stable value for certain roughness
length and solar zenith. The resistance of dry vegeta-
tion for some typical surfaces is mainly determined by
the wind speed and crop height. The local wind speed
can be calculated through the wind speed distribution
data from county meteorology stations. The crop
height can be expressed by the mean height in the re-
gion. Based on crop classification, with a remote
sensing model for crop height of wheat, cotton and
corn proposed by us in Yucheng ecological station,
crop height can be retrieved from MODIS data'™®!,
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Therefore, the typical rvp, of dry vegetation field can
be computed. Thus, Tvp can be calculated from eq.
(17) and its position can be theoretically determined.

When the soil is very humid, namely wet bare
soil, another extreme condition appears. There is no
sensible heat flux. The energy for the evaporation is
(Ry-G) and the thermal energy balance equation can be
expressed as

R, (1-03)=LE, (18)

0-7[ So(1- gy ) + “aTsiy ~ Oty Toy ]

- 4/ (19)

Y Isw,

d
PCpA(Tsw ~Tow, +—2% )

The temperature of wet bare soil can be expressed as

pC,Aa d
0.7 [So(1—agw) + aganiy] + 2 [TSW, -3 )
¥ rsw, 4

TSW P) Cp A

Y sy,

+ 0'7685WTA35W

(20)

where yis the psychrometric constant, dsy is the air
saturation deficiency of wet bare soil, 4 is the slope of
the saturation vapor pressure-temperature curve, Local
wind speed data can be retrieved through the wind
speed distribution data from county meteorology sta-
tions. So, the typical Isw, of wet bare soil can be

calculated. Thus, Tsw, the third extreme point in the
trapezium, can be calculated from eq. (20) and its po-
sition can be theoretically determined.

When vegetable cover is up to 100%, the surface
temperature is the canopy temperature and the amount
of soil water under the canopy should be the same as
the wet bare soil. From wet bare soil albedo to wet
vegetation albedo along the wet line, Tvw, the surface
temperature of wet and full cover vegetation, can be
expressed as

C,.4
0.97(So(1~ @y ) + 07, Tih, 1+ 22 (va _ dej
Y ryw, : a4

Tyw= pC,a

Y vw,

+ 0‘970-€VWT,3VW

(21)

where dyw is the aerial saturation deficiency of wet
and full cover vegetation. According to the theoretical
analysis, the vegetation at that time is in the com-
pletely humid condition. The resistance of wet vegeta-
tion, rvw,, is mainly determined by wind speed and
vegetation height under some typical surfaces. Local
wind speed data can be retrieved through the wind
speed distribution data from county meteorology sta-
tions. Vegetation height can be expressed by the mean
height in the region. So, the typical ryw, of wet and
full cover vegetation can be calculated.

Finally, the coordinate of wet vegetation field in
the trapezium was determined in theory (fig. 1). After
the four extremums of surface temperature were all
determined, the coordinates of dry line and wet line
were also found. Thus, PCACA could be improved in
some degree. The solution of above equations was
obtained through an approximate algorithm that was
directly calculating the four angles T, of the trapezium
from the four equations. This arithmetic was feasible,
which could be confirmed by the similar result of
Moran'*°l. Of course, it should be indicated that cal-
culating the four values still needs some parameters
like air resistance, but this arithmetic had cut down
these parameters from all pixels to only four pixels.
They can be achieved by the observations in the cali-
bration field. So development from un-operational
algorithms to an operational one is a large advance.

After the frame of the trapezium was determined,
dT,/df of all pixels between the dry line and the wet
line could be achieved through computing the slopes.

1.3 Separating albedo of mixed pixels by PCACA

After obtaining the net radiation by remote sens-
ing, Beer’s Law was adopted in many two-layer mod-
els to separate net radiation of mixed pixel. This idea
has some uncertainties according to further practices.
Beer’s Law quantitatively describes the radiative
attenuation process when radiation passes through the
medium. When radiation passes through vegetation
canopy, the attenuation is a negative exponent function
parameterized by the geometrical structure of vegeta-
tion and leaf area index. The separation of mixed net
radiation through Beer’s Law, in fact, is determining
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the proportion of the gap and the non-gap by the pa-
rameters like LAI leaf angle and assigning mixed net
radiation between vegetation and soil. If differences
between albedo of vegetation and that of soil are small,
the error is small too. Conversely, if differences are
large, the error is large. In practice, sometimes, the
difference of albedo and surface temperature between
vegetation and soil is very large. In many cases, soil’s
temperature can be more than 10°C than vegetation’s.
Therefore, it is more reasonable to calculate the net
radiation of vegetation and soil, respectively.

Net radiation is composed of short wave net ra-
diation in visible and nadir band and long wave net
radiation in thermal-infrared band. So, in order to
achieve it, besides the separation of radiometric tem-
perature of mixed pixel, albedo of mixed pixel must be
separated. The albedo of soil mainly depends on soil
wetness, soil type, soil roughness length, etc. Its range
is larger. Vegetation albedo mainly depends on leaf
color, canopy structure, etc. Its range is small. Because
the purpose of getting albedo is to calculate net radia-
tion, only the integral value of every influencing factor
needs to be considered. Albedo of mixed pixel is the
weighed-average value of the soil’s and vegetation’s
integral. The envelope line of the albedo-VFC correla-
tive figure shows trapeziform shape, which is more
standard than the shape of temperature-VFC correla-
tive figure. So PCACA can also be applied to separat-
ing albedo of the mixed pixels. Equations on albedo
and VFC are as follows:

a,=(1-fe, + fa,, (22)
d;;‘“ =a, -a,, (23)

o =a,~f d;;‘“ , (24)
@, =ay+0- 122, @5)

where as, a, and a,, respectively is the average albedo
of soil, vegetation and mixed pixel. a;and ay, of every
pixel can be achieved through egs. (24), (25). It is ob-
vious that a, and a, depend on albedo of the mixed
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pixel and the differential coefficient of albedo to VFC.
The former is a known number, so the key problem is
how to get the latter. Same as the separation of radio-
metric temperature, this derivation is the slope of the
mixed albedo-VFC line and can be achieved by
PCACA. It should be noticed that soil temperature is
generally higher than canopy temperature, so the slope
of should be negative in most cases. However, because
of soil wetness’s effects on soil albedo, the slope is
either negative or positive. When a; > a, (for the full
bands), the slope is negative. On the contrary, the
slope is positive.

In practice, provided that soil type and soil
roughness length are the constant, soil albedo mainly
depends on soil wetness. Between up-envelop line and
down-envelop line, there are transitional soil wetness
isolines. That is to say, slope isolines and wetness
isolines are the same line.

2 Layered energy-separating algorithm of Bowen
Ratio and its theoretical basis

Above study has pointed out that the originality
of many two-layer models is built on the basis of
soil-vegetation resistance network. The computation
of complicated resistance network needs many factors,
such as surface roughness length, local wind speed,
atmospheric stability, friction velocity, Monin-Obuk-
hov length, boundary layer height, etc. The more
complicated the model is, the more difficult the re-
trieval is in regional scale. Thus, the retrieval just can
be done in field microclimate scale.

Provided that there is no advection, it can easily
get sensible heat flux and latent heat flux using Bowen
Ratio to separate available energy (net radiation-soil
heat flux). This simple method avoids air temperature
and various surface resistances. They cannot be
achieved directly by remote sensing.

There are three key factors determining Bowen
Ratio defined as sensible heat flux divided by latent
heat flux. They are soil water content, differences
between heat and vapor turbulent transport and differ-
ences between dry and wet air molecular diffusion.
Among the three factors, the soil water content is the
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most important because it determines the rate of soil
water supply. The other two factors are subordinate,
which can be expressed by psychrometric constant y
and the slope of the saturation vapor pres-
sure-temperature curve 4. Bowen Ratio of vapor satu-
rated land surface or water surface is the smallest.

The relationship between Bowen Ratic and the
rate of soil water supply is the theoretical basis of this
kind of method that separating energy. There is an ex-
plicit functional relationship between the rate of soil
water supply M and latent heat flux LE. When M is a
constant and combines with crop water stress index F
and Bowen Ratio f# = H/LE, where H is the sensible
heat flux, LE is the latent heat flux, the relationship of
M, F, Bis the following:

l—F=M=£= H ,
LE, PLE,
(26)
p=—2
MLE,’

Eq. (26) shows the precise and simple physical rela-
tionship among the rate of soil water supply, crop wa-
ter stress index and Bowen Ratio. The key equation is
the function of M and S which can be achieved
through PCACA.

Tl _ LE

i — 27
Tow —To  LE,
Tml-[ —Tml.
. S . 28
ﬂm TmH "Tmi @9

where Ty, is the true temperature of i pixel (similar
to radiometric temperature) in a certain VFC, T,n and
Tmo respectively are the true temperature of i pixel
on the dry line and on the wet line in the same VFC.
Can the two-layer model use this algorithm? The fol-
lowing is the answer. The vegetative latent heat flux
can be achieved only by Priestley-Taylor approxima-
tion””! in N95 model'"*".

A
A+y

LE, =af

R, 29

where Ry, is the vegetative net radiation, a is the ex-

perimental coefficient. Through many years’ experi-
ments, Priestley-Taylor indicated that the average of a
is 1.26"%"). On the canopy surface, Norman adopts a =
1.3. For the maize and cotton canopy, Kustas adopts a
= 2.0. f is VFC whose expression is the same as
Priestley-Taylor’s. In N95 model, the vapor on the
green vegetation was regarded as almost saturation,
which is an approximate method. The function of £, 4
and ycan be expressed as

(R, -G)=(1+ B)LE,

_4d+y-ad
p= ad

(30

In eq. (29), aflA/(4+p)] is similar to £ In fact,
layered energy-separating algorithm has been adopted
in N95 model. According to the above analysis, lay-
ered energy- separating algorithm has theoretical and
practice basis. To the further development, after soil
net radiation and vegetative net radiation are obtained,
soil Bowen Ratio 4; and vegetative Bowen Ratio £,
can be obtained too using the layered energy- separat-
ing algorithm. So soil sensible/latent heat flux and
vegetation sensible/latent heat flux can be achieved.
Finally, construct correlative figure of soil surface
temperature-VFC, correlative figure of canopy tem-
perature-VFC and achieve the trapezium by egs. (17),
(19), (20) and (21). And then S, and B,; can be ob-
tained by the following equations:

Bs; --—————§“ _TTSL -1, (1a)
SH ~ £Si

ﬂVi zM_l
TVH _TVi

(31b)

The uncertainty of this method mainly results
from ignoring advection. LEy = R,—G is reasonable
only when there is no advection, that is to say, the en-
ergy of subtracting soil heat flux from net radiation is
all used for evapotranspiration. Namely, the
evapotranspiration is equal to the maximum
evapotranspiration. However, when there is advection
the above energy balance equation is untenable. The
external energy AD must be considered and R,~G +
AD = LE + H. From the scaling transform, for MODIS
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data and NOAA data whose resolution is 1.1 km in
thermal-infrared band, the advection’s effects on the
net radiation in this pixel scale still need further
re-consideration. Under the optimistic point of view,
because of the effects of advection, the fetch is about
200 m when the instrument is 2 m high. According to
its regular, it only has effects on the edge of the pixel
and the advection effects caused by surface’s hetero-
geneous inside the pixels are eliminated by pixels’
average action. Of course, it is an important work
about scale transformation of surface flux.

3 Other keys about retrieval of the two-layer
model

3.1 The inversion and decomposition of the true
surface temperature of mixed pixel

Although ready-made land surface temperature
(LST) product is available, radiative correction must
be performed by MODTRAN4.0 or split-window
arithmetic when the difference between product LST
and measured LST on Dongping Lake point is large.
The following is the method of retrieving true surface
temperature.

Surface radiative temperature observed on the top
of the atmosphere by MODIS results from atmos-
pheric upward thermal radiance, reflectance of at-
mospheric downward thermal radiance. According to
eq. (32), in order to get every pixel’s true surface tem-
perature Ty, every pixel’s radiative temperature, emis-
sivity & and equivalent sky temperature Ty, must be
known.

1
T" —(1-¢)T", |
T()i=|: mi (6 1) sky] . (32)

where n is determined by band, for example, n = 4
from 8 um to 14 pm. Emissivity of mixed pixel & is
expressed as

En = fE; +(1- e, +4€, (33)
Edgi = ewgi —MXO.O6 ,
Tdmpi ~ Ydmai
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where &y, &gis Ewgir & are mixed pixel, dry soil, wet
soil and vegetation canopy emissivity, respectively. A
is the complement caused by the discrepancy of soil,
vegetation temperature and their emissivity. (T —
Tomai)/(Tampi — Tamai) i8 relative thermal inertia, where
Tumpi and Tuma; respectively are the radiative tempera-
ture of the dry soil whose emissivity is 0.89 at noon
and at early morning. So, in the process of computing
emissivity, not only is VFC considered, but also soil
water content is considered, which improved the ac-
curacy and the rationality of the computing. According
to the long measurement in Yucheng remote sensing
experiment field, dry soil’s emissivity is 0.89, with
average surface roughness length. It increases with the
increase of soil water content and the rate of change is
determined by this equation 0.06(Tmi — Tamai)/(Tampi —
Tima)- The emissivity of most wet soil can reach 0.95.
The average vegetation emissivity is 0.98.

The average atmospheric downward thermal ra-
diance can be expressed by the surrounding vapor
pressure e, and air temperature T,.

T;ky = (1'2462.14];3.86 )0.25 . (34)

The observer can see the sky only about 25 km
diameter because of the effect of the earth curvature.
Therefore, the same Ty, value can be adopted in the
range of 25 kmx25 km as the same area as a county.
Air temperature data and air vapor pressure data of
county weather station are available.

Every pixel’s VFC still need to be known when
PCACA is used to separate true surface temperature of
mixed pixel. The algorithm is as the followingm]:

NDVI, ~NDVI,

fi= : (352)
'~ NDVI, -~ NDVI,

where NDVI, NDVI, and NDVI; are the Normalized
Difference Vegetation Index of pure soil pixel (VFC is
0%), pure vegetation pixel (VFC is 100%) and mixed
pixel, respectively. The referenced values are: NDVI =
0.77 when VFC is 100%, and NDVI = 0.099 when
VFC is 0%. If the maximal NDVI is greater than 0.77
and the minimal NDVI is less than 0.099, there is no
need to correct f. Otherwise, f needs to be corrected.
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The algorithm is the following: provided that the
maximal NDVI is A and the minimal NDVI is B, then
maximal f (minimal f) corresponding to the corrected
maximal NDVI (minimal NDVI) is expressed as
Fnax(fmin) = (A(or B) — 0.099)/(0.77 — 0.099). So fi =
finin * foi(finax ~fmin)%fmin, Where f;; is uncorrected value,
fii is corrected value. The method is a simple linear
interpolation.

After the acquirement of mixed temperature and
VFC, the slope of temperature-VFC line and the dif-
ferential coefficient can be calculated by using
PCACA. Then, the regional distribution of T and T;
can be obtained through egs. (6) and (7).

Leaf area index (LAI) and VFC are the key pa-
rameters in the inversion of crop height. According to
Beer’s Law and NDVI, LAI can be expressed asi®®!

LAl = m[(l——w)B"}C’l, (35b)

where A, B, C are three constants determined by vege-
tation structure, especially C that has a close relation
with leaf angle distribution function and plant overlap
function.

3.2 The acquirement and the separation of mixed net
radiation

The calculation of net radiation needs the data in
visible band, near-infrared band, and thermal-infrared
band. When the surface reflectance of atmospheric
downward thermal radiance and soil-air multiple re-
flectance are ignored, every mixed pixel’s net radia-
tion is expressed as

R = (Sg; + D)1 - a) — 0, T + 0y Ty s (36)
where Romi, Soi, Qmis &mi and Ty, are net radiation, di-
rect solar radiation, surface reflectivity, surface emis-
sivity and surface radiative temperature of i pixel,
respectively; D is the down-diffusion radiation in visi-
ble and near-infrared band; &y and T, are the at-
mospheric emissivity and sky equivalent temperature.
They have no pixel subscript because they have better
representation in large scale; Sy should be corrected
by the following equation™®!:

AS,, = S, (cos @sin & —sinpcos dcosm)Ap, (37a)

AS,,, =—S, cos @cos sin A, (37b)

where S is the direct solar radiation observed in the
weather station (like Yucheng Station); 4¢, Aw, A4S,
and 4So,, are the difference between the pixel’s latitude
and the station’s, the difference between the pixel’s
solar time angle and the station’s, the difference of
direct solar radiation caused by different latitudes, the
difference of direct solar radiation caused by solar
time angle, respectively.

The uncertainty of separating net radiation by
means of Beer’s Law has been analyzed above. In this
paper, as;, &, T and T; can be achieved by PCACA,
so net radiation of soil (vegetation) can be expressed
as

R =[(Sy; + D)1 -a,) - 0€,T; +0€, Ty, 11— f),

sitsi sky * sky
(38)
R, =[(Sy + D)1 -0)) — 0, T} + 06y Ty, 1f. (39)

3.3 The retrieval of layered Bowen Ratio and lay-
ered surface fluxes

Soil Bowen Ratio and vegetation Bowen Ratio of
pixel i can be obtained through eqs. (31a) and (31b).
In the above section, the importance of the four ex-
trema’s theoretical locations has been indicated. On
the basis of the four extrema, the dry line, the wet line
and the frame of trapezium under that weather condi-
tion can be obtained. The keys of this step lie in the
determination of the dry line’s location and the wet
line’s and whether the following two given conditions
are satisfied. One is that there is an linear relationship
between the surface temperature of mixed pixel and
VFC, which can assure the crop water stress index line
(soil water supply line) or equivalent slope line a
straight line and has been supplied by Kimes’s direc-
tional infrared temperature data™'. The other is that
there is a linear relationship between the soil evapora-
tion and the vegetation transpiration with surface
temperature. Carlson objectively appraised this hy-
pothesis that it was not complete but feasible!®*).
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After the layered net radiation and the layered
Bowen Ratio of i pixel has been gotten, the follow-
ing surface flux can be retrieved:

(1) The retrieval of the soil evaporation LE; and
the soil sensible heat flux H

Rnsi_Gi
LE. =2 ___1
Y1+ (40)
— Rnsi—Gi ( i ) 1
H.=(R.-G)- = RnSI Gl ﬁSl
i = R = G) 1+ B, 1+8, “h

(2) The retrieval of the vegetation transpiration
LE,; and the vegetation heat flux H,;

i
LE . = Rovi
A B 42)
vi vi M vi
H.=R __Rwi _Rbu ,B,'
v Y1+ B, 1+ 8, (43)

(3) The retrieval of the plant water stress index
PWSI

})\VSL:l_ﬁz __LEy 44)

LE,  Ru~G'
where LE,; and LE, are the true evapotranspiration
and the potential (maximum) evapotranspiration of i
pixel.

(4) The retrieval of the soil water effective usage
rate {

LE;, LE_ ,-LE
= Y1 ~ mi S1 , 45
S LE, LE )

i mi

where LE;; and LE,; are the soil evaporation and the
vegetation transpiration of i pixel.

(5) The retrieval of the vegetation canopy CO;

flux @co,

E, . ..
Pco,i =K ; LAI; (46)

where E, is the transpiration rate whose dimension is
-1 -2 -2 :
mg *s” *m " asthesame as @, notw *m; Diis

aerial saturation deficiency on the top of vegetation
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canopy; K/D; has no dimension; K = 1/58, n = 1.2;
LAJ; is every pixel’s leaf area index. If D; has the fol-
lowing relationship with plant water stress index
PWSI, the distribution image of D; can be obtained.

Dj D.

=— 47)
PWSI, PWS],

where PWS]; and D;is the observed data in weather or
ecological station. This method has a stronger physical
basis than spatial interpolation algorithm.

4 Experimental results and algorithmic validation
4.1 Surface observation and satellite data’s process

According to the PCACA, under the ideal condi-
tions, four calibration fields are needed to determine
the four extreme locations. They are dry bare soil field,
wet bare soil field, dry full cover field and wet full
cover field, respectively. The area of every field
should be at least the same as one or two pixels’ area.
In order to use labor and material resources rationally,
two dry fields often can be combined together, as well
as the wet fields. That is to say, the dry bare soil field
and the dry full cover field are combined into one field;
the wet bare soil field and the wet full cover field are
combined into one field. Although the calibration
fields of pixel scale are quite needed for basic research
or for applied science, the investment is very large and
the period from establishment to use is very long.
Therefore, in order to validate this new algorithm in
time, we adopted some data from Dongping Lake field,
Yucheng Station and county weather station.

The observation field of the Dongping Lake is
located in the Dongping Lake of Shandong Province.
Since October 2000, we began to make fixed persons
do the observation there. Observation is done when the
satellites of NOAA-AVHRR and MODIS passes
through. The observer pulls a non-powerboat from the
bank to the center and when the boat arrives at the
center, it is the time that satellite is passing through.
The observation is done during the whole way for
about 30 minutes. This method of observation not only
can satisfy the need for loop monitoring, but also can
eliminate the errors caused by the increase or the de-
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crease of the surface temperature and the errors caused
by the surface temperature’s difference near the bank
and in the center. Air temperature, air humidity, wind
speed, net radiation at 1.5 m high from water surface
and water surface temperature are observed. They are
used as referenced data in completely saturated point.
Water surface temperature is used to correct the satel-
lite retrieval value.

Yucheng Station is located in Yucheng County of
Shandong Province. It has been built for more than 20
years and is an important member of the Chinese
ecology network, Chinese Academic Sciences. There
are more than 10 experimental fields for different
tasks. Among them, the area of remote sensing ex-
perimental field is smaller and cannot reach the area of
one MODIS pixel. Thus, the measured data only are a
reference. In unavoidable cases, the measured tem-
perature can be carefully used to calibrate temperature
of soil (vegetation). Measured surface flux data can
also be carefully used to validate the retrieval result of
the surface flux.

There is a weather station in every county. In
these weather stations, observed wind speed at 10 m
high, air temperature and air humidity at 2 m can all
be used as references. After the pixels of the four ex-
trema are determined, the nearest county weather sta-
tions are found according to the latitude and longitude
of the four pixels. Using the observed data in these
weather stations to calculate the four extreme tem-
peratures, we obtained the frame of trapezium.

Although there is land surface temperature (LST)
product in the series of NASA’s MODIS products,
some LST data are quite different from the observed
data in the Dongping Lake. Therefore, we have to re-
trieve LST by ourselves. After getting the MODIS
image data, we used MODTRAN 4.0 to do radiative
correction on the basis of which we do geometric
correction and multi-band geographic position
matching. When thermal inertia information is needed,
the process of multi-temporal images geographic
position matching becomes very important. In addition,
we eliminated the pixels covered by cloud in visible
band and near-infrared band. Some other image-pro-

cessing technologies like selecting study area are not
discussed here.

In the process of calculation, we used several
computers to operate. So we can divide the work and
carry out the computation at the same time. The work
platform is ENVI4.0 on the basis of which some new
calculating algorithms were developed. Using these
algorithms and the models above, we can calculate
every pixel’s correlative parameters and surface flux
frequently and conveniently.

4.2 Results and validation

This paper aims to develop a new and operable
PCACA and a layered energy-separating algorithm on
the basis of our former two-layer remote sensing
model for surface fluxes. The results in this section
will validate the physical basis of these two algorithms,
the feasibility of retrieving surface flux with limited
MODIS data and the precision of the retrieval, which
is a methodology research. Although we had observed
the surface flux in North China for a long time, we
only showed the retrieved results for a certain day due
to the space and the limited purpose of this paper. The
long-term measured results of the surface flux and its
rule will be analyzed in another paper.

Figure 3 is a synthetic true color image of three
bands on March 19, 2002, ranging from 110°6’E,

Fig. 3. A synthetic true color image of the experimental area in North
China. Time: March 19, 2002. The northeast is Bohai Sea, and the Yel-
low River can be seen. The northwest is a mountainous area. The ma-
jority of area is farmland. Longitude: 110°6'E to 120°14E, latitude:
33°3'Nto 38°38'N.
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33°3'N to 120°14E, 38°38'N. The image covers the
most provinces in North China, including a part of the
Bohai Sea, the Dongping Lake, Yucheng Station and
Beijing. The northwest part in the image is a moun-
tainous area.

Figure 4 shows the correlative scatter figure of
the albedo and the VFC. Generally, the envelop line
shows a trapeziform shape. The missing points at high

VEC show the discontinuous distribution of the albedo.

The up-envelop line represents the pixels with high
albedo and the low-envelop line represents ones with
low albedo. The left up-envelop line is a curve with
peak values on which the albedo increases and then
decreases with the increase of the VFC. This is an im-
portant phenomenon and shows the changing process
of the weighted average value between the soil albedo
and the vegetation albedo. The left side of the peak
value is controlled by soil; the right side of the peak
value is controlled by vegetation, and the peak value is
the balanced point. According to the above discussion,
the albedo follows the radiative balance rule. The
up-envelop line and the low-envelop line are the base
lines for separating the albedo of mixed pixel. Ac-
cording to the two base lines, the slopes of al-
bedo-VFC lines can be determined. Then, the distribu-
tion images of the soil albedo and the vegetation al-

0.21

Up-envelop line with high albedo

0.16

Surface albedo
o

2 Low-envelop line with low albedo

0.00 0.25 0.50 0.75 1.00
VEC

Fig. 4. The correlative scatter figure of the surface albedo and the
VFC.
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bedo can be retrieved according to egs. (24) and (25).
The two images are not shown here due to the limited
space of the paper.

It should be emphasized that thermal infrared
surface temperature is the synthetic result of the sur-
face energy balance controlled by net radiation flux,
soil heat flux, sensible heat flux and latent heat flux.
So the temperature is difficult but necessary to be
measured and the correlative scatter figure of the tem-
perature-VFC is the key problem of PCACA. Through
correcting and calibrating the thermal infrared images
downloaded from the MODIS website, the radiative
surface temperature was retrieved, and then in combi-
nation with the surface emissivity data and the atmos-
pheric downward thermal radiance data, true land sur-
face temperature is obtained from egs. (32), (33) and
(34). In the whole process, the distribution images of
radiative temperature, emissivity, early morning-noon
temperature difference and atmospheric downward
thermal radiance are retrieved.

NDVI was computed from the visible and near
infrared data of MODIS. And then VFC was computed
according to eq. (36).The correlative scatter figure of
mixed temperature and VFC was done using ENVL

Actual dry line AB and wet line CD are drawn in
fig. 5, which are up-envelop line and low-envelop line,
respectively. In the up-envelop line with low VFC,
some pixels miss out, where is the bare soil or the field
with sparse vegetation. The temperature there is over
295 K. At the places with the same VFC and the tem-
perature lower than 295 K, the pixels are sparse, where
are wetlands, waters or sandy beach probably.

The low-envelop line is straighter, presenting a
positive gradient. It indicates that in these pixels the
soil temperature is lower than the vegetation canopy
temperature. This always happens in wetlands, water
bodies (lakes, rivers) and sandy beach.

To improve the precision of PCACA algorithm,
determining the locations of absolute dry line A'B’
and absolute wet line C'D’ is the key step. That is to
say, Tsp, Tsw, Tvp and Tyw are calculated according to
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Fig. 5. The scatter figure of true land surface temperature-VFC of mixed pixels.

egs. (16), (17), (20) and (21). Just as stated above, the
temperatures of the four extreme points should be ob-
served and calculated in calibration fields. However, at
present we have no such calibration fields, so we util-
ize the observed data from meteorology stations and
ecology stations. The specific steps can be summered
as follows: first, to find out the driest bare pixel, the
driest full cover pixel, the wettest bare pixel and the
wettest full cover pixel on the actual dry line and the
actual wet line in the scatter figure. Second, to deter-
mine the longitude and the latitude of the four pixels,
and find out the county meteorology stations or ecol-
ogy stations closest to the four pixels, and then, use
the observed data of wind speed, air temperature, and
air humidity from those stations and MODIS satellite
data and eqs. (35a) and (35b) to calculate the distribu-
tion images of VFC and leaf area index. Third, to de-
termine the leaf area index of the four pixels and cal-
culate the roughness length and aerodynamic resis-
tance. Finally, we can obtain Tsp, Tsw, Tvp and Tyw.

After the positions of the absolute dry line and
wet line are determined, the slope of each pixel can be
calculated according to the linear interpolation. Then
the slope is brought into eq. (9), and together with eq.
(1), the true soil surface temperature and the vegeta-
tion canopy temperature of each pixel can be solved

out; that is, the regional distribution images of the two
temperatures can be drawn out. In this way, the
PCACA work is finished.

The observed data of solar incident radiation in
Yucheng Station and eqs. (37a) and (37b) expressing
the solar incident radiation varying with the solar time
angle can be used to calculate the distribution image of
the solar incident radiation. Combining these data in-
cluding the images of the soil surface albedo and the
vegetation canopy albedo, the distribution images of
the true soil surface temperature and the true vegeta-
tion canopy temperature, the atmospheric downward
thermal radiation and putting them to eqs. (38) and
(39), it is then possible to draw the distribution image
of the soil net radiation flux and the vegetation net
radiation flux. Because of the limited space of this
paper, the two images are not shown in this paper.

Figure 6 is the scatter figure drawn from the two
distribution images of vegetation canopy surface tem-
perature and VFC. Fig. 7 is the correlative scatter fig-
ure of soil surface temperature and VFC. On the basis
of the two figures, using the layered energy-separating
algorithm, similar to the PCACA algorithm, the abso-
lute dry line and the absolute wet line were drawn out.
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Fig. 6. The scatter figure of vegetation canopy temperature-VFC of mixed pixel.
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Fig. 7. The scatter figure of soil temperature-VFC of mixed pixel.

Then according to egs. (31a) and (31b), the Bowen
Ratio of the soil layer and the vegetation layer of each
pixel could be calculated out, respectively. Together
with the distribution images of the net radiation flux of

the soil and the vegetation canopy layer, the distribu-
tion images of the soil evaporation and the vegetation
transpiration could be obtained. The two images are
not shown in this paper.
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The regional distribution image of the assimila-
tion flux of the vegetation carbon dioxide is the com-
prehensive result from the all distribution images re-
trieved above. The validation for the feasibility, rea-
sonableness and the precision of the images is the key
problem. According to the key retrieval result, the fea-
sibility, rationality and the retrieval precision of
PCACA algorithm and layered energy-separating al-
gorithm are determined too. Therefore, based on eq.
(46) and the distribution images of the vegetation
canopy transpiration, leaf area index and the air satu-
ration deficiency, the distribution image of the assimi-
lation flux of the vegetation carbon dioxide is drawn
out. The distribution image of air saturation deficiency
was retrieved according to eq. (47) using the distribu-
tion image of the plant water stress index PWSI and
air saturation deficiency D in Yucheng station.

Through validating the algorithm from the two
aspects, which are the order of magnitudes and the
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B o—o002 [ 1006008
B 0.02—0.03 [T77]0.08—0.09

90.03—0.05 [7]0.09—0.11
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regional distributional characteristics of the retrieved
assimilation flux of vegetation carbon dioxide, the
retrieved order of magnitudes is reasonable generally.
The eddy-correlative observation data in Yucheng sta-
tion indicated that, in late March, at the moment that
MODIS satellites passed through, the assimilation flux
of carbon dioxide was no more than 0.3 mg-s’]-m'z.
The white patches in the distribution image were the
farms where the wheat is in good growth, whose order
of magnitude is 0.17—0.25 mg-s"-m'z. For example,
the high assimilation flux of the carbon dioxide in
Jining district, Shandong Province, can be shown rea-
sonably. In mountainous areas, distribution character-
istics of the low carbon dioxide assimilation flux in the
seashore area of the Bohai Sea and areas of Mount Tai
can also be shown reasonably (fig. 8).

Compared with the model we proposed previ-
ously, the distinction between the two algorithm is that,
in the previous model, the temperature of the mixed

B o17—o019
B o.19—021
Bo2—023
B 023025

Fig. 8. Regional distribution image of vegetation carbon dioxide assimilation flux.
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pixel was separated by establishing thermal inertia
information, while in this paper by PCACA algorithm;
in the former, the net radiation flux was separated by
Beer’s Law, the vegetation transpiration was calcu-
lated by the residual term method, but in this paper by
layered energy-separating algorithm. Therefore, after
the establishment of the more perfect calibration fields
of the dry point and the wet point, the model and the
algorithm proposed in this paper must have some ap-
plied potentials. At present, before the establishment
of the two calibration fields, we shall use these two
models at the same time and make full use of their
respective advantages.

5 Conclusions and discussions

(1) The PCACA algorithm was proposed in this
paper. The specific steps of the algorithm include: first,
to separate the component temperature of the mixed
pixel, furthermore, combining with the observed val-
ues of the dry points and the wet points in the calibra-
tion fields to calculate the true temperatures of the four
extreme mixed pixels, thus confirming the trapeziform
frame under the weather and ecological conditions of
the given time; second, we gained the slope dT/df by
the absolute dry line and wet line, and analyzed the
hypothesis of the PCACA algorithm with which to
separate the temperature of the mixed pixel. This algo-
rithm suggests that the coupling mechanism of the soil
and the vegetation canopy in PCACA is not the same
as the patch two-layer model’s, but the same as the
improved two-layer model’s. Under this hypothesis,
there are transitional soil iso-moisture lines between
the dry line and the wet line, which are the same lines
as the iso-slope lines. The idea of this paper is consis-
tent with the experimental results of Carlson and
Moran'>* %%, With this algorithm, the necessary resis-
tance data used in the calculation are reduced from
all pixels to four extreme points, and the data of the
four points can be obtained from the observations in
the calibration fields, which indicates that the algo-
rithm strides a large step from non-operation to opera-
tion.

The uncertainty of the hypothesis is large when
the mechanism of the patch two-layer model appears,
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in which there are large area patches of soil and vege-
tation and soil patches have different soil moisture
from vegetation patch. For example, the patch
two-source parallel model can be used in the pixels
where the villages and the farmiands or the bare lands
and lakes occupy similar proportions of the pixel. In
this case, the PCACA model of this paper could lead
to a large error, but fortunately, according to the sam-
ple test for the actual land cover, the proportion of the
pixels with the two situations above is only about
10%.

(2) This paper proposes a theoretic positioning
algorithm, with which the localization reliability of the
dry line and the wet line can be improved, and the un-
certainty of PCACA can be conquered. (The uncer-
tainty was caused by the distortion of the up-envelop
line and the low-envelop line because of the missing
of the dry and wet states and the VFC distribution of
the pixels.)

Because, at present, no calibration fields for dry
points and wet points can be used, in this paper the
results calculated from the observed data of the county
meteorology stations near to the four extreme points
are inaccurate to some degree. And when the two hy-
potheses are not tenable that there are two linear rela-
tionships and the soil and the vegetation have the same
water source, there is some uncertainty.

(3) On the basis of the feasibility of the one-layer
energy-separating algorithm, which had been verified
by us using the experiment in Tengger desert of west-
ern China™”, and the feasibility of the vegetation net
radiation-separating algorithm, which had been veri-
fied by Norman in N95 model, this paper proposes a
two-layer energy-separating algorithm. Here, no hori-
zontal advection is his premise. This algorithm is very
simple, has a certain physical foundation, and gets rid
of the flux resistance network parameters that are dif-
ficult to obtain one by one. In many models, the resis-
tance network expressions were so complex that these
models cannot be used.

Analyzed from the traditional points, the uncer-
tainty of this algorithm is due to its ignorance for the
influence of the advection. But the heterogeneous sur-
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face and the heterogeneous atmosphere caused by sur-
face-atmosphere interactions are the sources of the
horizontal advection’s influence. Moreover, horizontal
advection has a close relationship between the speed
and the scale of atmospheric denaturalization. The
spatial resolution of MODIS, NOAA-AVHRR in
thermal band is 1.1 kmx1.1 km. We have a new opti-
mistic concept for the impacts of the advection on the
average surface temperature and the net radiation flux
obtained in this pixel scale, that for 200 m fetch, the
advection only affects the edge of the pixels and inside
the pixels, the advection’s effects are not so important,
because of the mixed and averaged effects and can be
expressed using an averaged values for heterogeneous
surface. Of course, it is necessary to do the further
experiment on the advection’s impacts.

(4) In this paper, the albedo of mixed pixel was
separated using PCACA algorithm, and combining
with the two-layer layered energy-separating algo-
rithm, the net radiation of mixed pixels was separated,
which reduces the uncertainty of separating the net
radiation flux with Beer’s Law.

(5) After the establishment of the calibration
fields for dry points and wet points in pixel scale, the
model and the algorithm proposed in this paper will
have a bright applied prospect.

6 Concluding remarks

The difficulty in retrieving regional surface flux
using quantitative remote sensing method is the acqui-
sition of the parameters that cannot be directly meas-
ured by remote sensing, such as air temperature, wind
speed, roughness length, etc. It has been 30 years from
the appearance of the infrared thermal radiometer and
the proposal of the simplest correlative equation of the
evaporation and the infrared temperature in the middle
of 1970s, to the present development of various com-
plicated quantitative remote sensing models. Those
who want to make some contributions in regional
scale find out some useful information from infrared
radiative temperature and vegetation index. The great-
est characteristic of SEBAL model is no requirement
for air temperature. The model established an empiri-
cal relationship between the air temperature and the

surface infrared radiative temperature. If the coeffi-
cients of the empirical equation are uniform for each
pixel, the independent information is still the infrared
radiative temperature. The greatest characteristic of
the N95 two-source model is that the vegetation tran-
spiration of every pixel can be retrieved. In N95 model,
vegetation transpiration is regarded as the function of
the VFC and the slope of the saturation vapor pres-
sure-temperature curve, and the vegetation net radia-
tion flux. That is to say, the Bowen Ratio composed of
the slope and the VFC is used to divide the vegetation
net radiation flux and the slope depends on the surface
temperature. Thus, the independent information
sources of this model are also the infrared radiative
temperature and the vegetation index. We can under-
stand their idea completely, because for optical remote
sensing, there is no other information that can support
the retrieval of the pixel by pixel besides the two kinds
of information sources. Someone proposed that sur-
face flux in regional scale could be retrieved by the
decline or the growth of the boundary layer height"’,
But it is impossible to require the sounding balloon
data for every pixel. Therefore, Carlson found out the
essence and the reality. He calculates the regional sur-
face flux directly using infrared radiative temperature
and vegetation index. Carlson appraised his method
objectively that it was not perfect but advisable very
much®). As a senior scientist of America in the field
of numerical simulation and prediction, he has such
recognition that the above idea should be regarded as
our good reference. In this paper, some new methods
and ideas were put forward to be references for schol-
ars with interest.
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