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Pyranometer measurementunder old jack pine forest in the BOREASexperimentis analyzed through our
new hybrid model. This application is an example to illustrate why we need kybrid model and how it work=.
The work presented here is a part of efforts for a (X3-based distributed hydrology-vegetation h’daaction
modelof dmim.ge basin.

I. WHY HYBRID MODEL?

A.tthe scale of a sxnall volume iR which leaves can
be regarded as being homogeneously distributed,
some recently developed N’ (Radiative lkansfer}
theories are the best to model the phenomenon by
using descriptors such as kxafscattering character-
istics, leaf size, vohnne density of leaf area, etc.
However, at the scale of a stand, GO (Geornetic
Optical) models catch the basic features of discon-
tinuous canopies under sun?igh~ i.e., foliage are clus-
tered into crowns and crowns cast shadows. Hence
in practice up to now, si.mpIepure GO models are
the only models applicable to natursl discrete crown
canopies. However, pure CO modeIs require signa-
tures of sunlit and shaded crown surface and back-
ground as known parameters under given situation
or to be determined in situ. This has been proven a
major restricting factor in applications and model
inversion. And it is also a drawback that these sig-
natures have not been related I%Ieaf descriptors,
wavelength, and sky conditions.

We are now in process to develop a hybrid CKYRT
approach to model the radiatio~ climate in a disc-
ontinuous canopy (partially supported by Chinese
National Natural Science Foundation 19331020). A
Iwy element in this approach iS gap prObabihtY
rnA4 which we developed earlier I& and $trrd-der,

[lJ). Gap probability, on one hand, ~ be obtained
through pure GO model which reflects the struc-
ture at the stand s.wde.On the other han,1.gap proba-
bility within crown is closely related to The process
that radiation collides amd is scattered by foliage.

Hence it becomes a natural W between two kinds
of models best at the corresponding scales.

Vertical distribution of sunlit crcwm surfixe is first
obtained by GO method. Then the within-mown path
length distributions and associated single scatter-
ing source distributions at dfierent heights are ob-
tained. Then successive order scattering are handled
with a formulation more similar to radiative the
ties, with considering the “Openness Distribution”
of discontinuous canopies.

Details of the model formulation and initial valida-
tion using fieid data acquired in Howkmd, Maine,
USA, have been published recently (Li et al. [21,[31,
[4]). While more validations are still needed, the
J30REAS experiment protides some opportun.iti- of
model applications.

II. SOJP TEST SITE OF BOREAS AND
PYRANOMETER MFASUREMENH THERIz

BOREAS {Boreal Ecosystem-Atmosphere Study) is
a cooperative field and analysis study to improve
our undemt.anding of the interactions between the
boreal forest biome and atmosphere, involving sci-
entists from Canada. USA, wd other countries. (I’IM
study is centered on two 20x20 km sites within tie
boreal forest region of Canada, located near the
northern and southern limits of the biome, being
called Northexm and Southern Stuciy Areas respec-
tively.
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We acquired three days’ pyranorneter measurements
in the BOREAS winter campaign 1994 at an oldjack-
pine forest stand (SOJP) of the SSA

The SOW site is also known as ‘Tower Flux Site”,
located at 53.916 N, -104.69 W. Nine Eppley
pyranometers, Model PSP (0.35 -2.5 /l), were placed
randomly on snow surface beneath canopy. Positions
were determined by drawing a random number for
the azimuth and a random number for paces away
horn the Campbell data system. Radiation observa-
tions were taken at 10 second intervals, averaging
over a period of 10 @utes. The radiometers were
specially calibrated at Eppley Laboratov- down to -
5(JO(J

~Measurements were made &om the Julian day (DY)

37at 1520toDY 40at 1630. AU rnea-surexnent.slied
in a circle with radius 35 m, the center of which was
heated 60 ESE of flux tower. Pyrmmmeters were
shuffled randomly once, on DY 39 over period 1110
to 1130.

The total measurements of the 9 pyranometers in
all three days are shown in Fig. 1, the X-axis is nor-
malized to locsl solar time, i.e., 0.5 at the local noon,

the Y-sxisisofun.it W/m2.

m.EXPLANATION OF MEA$UREMENT$ BY
HYT$lUD MODEL

The figure 1 looks quite interesting and typical in
measurements for snow melt forecasting but there
has not been a good model to explain such data yet.

The easiest part is the spikes which are apparently
the effect of sunlight directly shining OH the
p.ymnometer through gaps between the crowns,
when sun crossed the sky, pyranoraeters got direct
sunshine and shadows a.kwnatively. But what is the
baseline of these spikes?

By our hybrid model, the measured radiance is the

sum of 3 components: 1) direct sunshine 10(t?); 2)

diffuse skylight J,w through the gaps in all

hemispherical directions (Openness); 3) multiple
scattering between ground and canopies, excited by

10(B) and <$L-.That is,

yf (1)= z~(e) + }O(r] + J).(f). (1)
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Fig. 1. Three day measurements of 9 ~amraeters
at SW, all normalized to local sokw time, i.e., 0.5
at the noon-

where yi(t) is the measurement of individual

pyranometiv 6(@ is the contribution fi-om direct
sunshine on pyranometer, which is determined by
sun position, the random location o.fthe p.yrarmmetJx
and the gaps above it, and therefore a ramdom vari-

able; j.(t) is contribution fkom direct skylight on

pwmomet=, and thuz an average of random gaps
over the hemisphere; a variable less rzmdom; and

J.l (t) is the contribution from multiple scatterin~
and therefore the least raudom among the three.

The solar zenith angle 9 is no doubt a fwwticm of

time r, but we use it as variable for ~(e} to indic-
ate that it is an immediate resrdt of sun direction
instead of difhsed skylight or multiple scattering.

The average of io((l?) is:

l.((?) = l,tin(e)[P@z = 016)

+Pgq(n > of(3)L (.2)

where P(n = O[(?) is intercrown gap probability and

~ (n >0161 is within-crown gap probabili@
fun.

P(n = 0161)=e-m’; (3)
and

p:w(~ > Ole.)



PAGE 4/9MAY-03-95 23:07 FROM:ESPM ID:5106435438

W.?mW+* S–*%–R –mm++=~
G30graphiclnhrmati0nk%mw V&l,No.1, Dac=m&r 1994 29

=(1 - P(n = OIO))e-pM(e); (4)

where A isstemdensity .PL4](@ isthemeanlA.I

along the projection @ within crown-shaded area,

~0 is the shadow area of an average crown on the
ground. Since in DY 38-40 at the SOJP there was

snow pack on crowns, P$=P(n>01 (3) can be i~ored

in eq. (z}, though we need it later for determining
the multiple scattering in canopies. The mean of

jo(t) is:

Jo(t) = J*(I)KW. , (5) “

where KWZ is the mean value on the ground, i.e.,

h = O ti general case K- (h)in [2].

Ttie contribution from multiple scattering is exeited

by l-(d) and ~~(t) and is therefore a fiuwtion of

10[8), Jo(f) and the vertical distribution of the

siugle scattering source. Since snow packs on the
crowns made crowns in fact opaque, we can sim-
pl@ the problem by ignoring the vertical distribu-
tion of the single scattering source, regarding xuul-

tiple scattering as being excited by 1.(8) =d ~o(t)

only.

Jmto= (1.(0) + Jo(t))~[c?m-A&J]’

= Puo(fv+4(0;=1 (6)
where @ is the mean albedo of canopies without
between-crown gaps. U!we ignore the reflectance of
leaves comparing to snow, @ = r~, i. e., product of

mean within-crown ~wP over hemisphere and snow

reflectance, and

p.
C-D2(I– Kown)

l–C02(l-Kwn)’
(’7)

Then eq. 1 can be rewritten as:

yi(~) = $(0 + d~(t)

+BUO(6) + J*(t)]. (8)

Note that io(e) changes approximately as CO$d

and subject to random gaps for I,,n ( 6) to reach

pyranometir, thus are the spikes in the Fig. 1.
J,q (t) changes slowIy and if always isotropic, the

gap relation to the pyranometer won’t change with

time. Therefore though ~o(t) is still rando~, depend-

ing on the location, it can be replaced by tie(t),
where ~ is a factor of random kx-ation. the second
and third terms altogether formed the slow chang-
ing lower boundary (i.e., base-line) in the Fig.1. Es-
pecially, when the sun angles are very low, the
pymmometer measurements are resulted mereIy

from j~(t).

Yi(t) = (~ + @J*(t). (9)

Ideally with measured J,&(t) md dm~d 10(t),

we can ~Stimate a + p from these periods, and

therefore (et + ~).lo(t) for all t, if neither @ nor/3

changes with time- However, since the pyranometer
were shuffled at H:l(kun to ll:30amon the day 39,
a sudden change of a mayor may not occur. Fig. 2
shows the base-line of the pymnometer 3 has a sud-
den drop around the time of shufiling, while Fig. 3
shows the base-line of the pyranometer 1 quite
stable.
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Fig. 2. Three daymeasumments of the pyranometer

3 in time sequence, and the Wed base-line (lower
one). Random shuffling on DY 39 apparently
changed value of ~.

Because we have no separate measurements for

l,W(0) end Y,@(t) but total irradiance (Fig. 4) mea-

sured on the flux tower. We have to use 6S (Vennote

et al. [5]) to calculated the },~ and J*, a

midktitude gas model and a continental ae~osol
model are applied.
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Fig. 3. Three day measurements of the
pyranometer 1 in time sequence, and the fitted base-
line (Iow’er onej. Random shufiling on DY 39 appar-
ently did not chmge value of a.

DY NT(XUISZN ?%of J$ at noon

38 69.48 13%
39 69.17 14%
40 68.85 11%

The6S code is inwdid for SZN >70 degrees, but we
can use these percentages at noon to estimate the
cases of other SZN angles. We considered the earth
curvature and assumed no other changes except the
path length in atmosphere is proportional to

$in Y / sin t? instead of sec 6, where

y=t?-arcsin(Z? sin@/ (l?+H)), (lo)

where ~ is the radius of the earth, H the. thick-
ness of the atmosphere, 60 km as used in 6S. The

percentage of I,. at any SZN is assumed a nega.

tive exponential function of optical path Ieng-th,with
its value at the noons fixed by the 6S estimations of

I,~habove. By this way, we divided the lntal irrmii-

ance inti~,m( @) -d ~A(t) (Fig. 4)- This is valid

only if atmosphere kept clear during all three days,
which was unfortunately not the case. The after-
noon in the day 40 had apparently more difis.ed
skylight and less direct sunshine than the previous

two afternoons. Lacking of measurement J&,(t), we

decided not to use the data in that afternoonjthough
no much difkrence if they are included.

Fig. 4. The 3-day measurements oftotal irradiance

in time sequence, W / m2. The estimated Im (the

second high one) and JAY by modified 6S.

The openness of the site is K- = 0.255, calculated

based on the Mknving structural parameters (from
our own measurements and Chen et al., [61):

b/r ratio = 10.0; (crown shape parameter,
long spheroid)

r = ().57;(crown radius)
h = 13.0;(caterheight)
dbh = 2* 0.08~
A = 800/ha.; (stern density}

The gap probability P(?z=018) is also calculated
based on these parameters for all SZN fkom noon h

rmnriseh.mset. Since KW~ is assumed a constant,

Jo(t) has the same shape as J$w(t), but 10((3) is

narrower than l~~((?) because of smaller

P(n = OIL?)at large SZN’S (Fig. 5).

With ~o(t) -d l.(0) available, we tried fit to fit
the base-line for all pyranometers by carefid.ly ad-

justing ~ for all and ~ for individual py-ranometer
before and after shuffling (e.g. Fig. 2,3}. It was
proven time consuming and lack of quantitative wi-
teria orIwhat is the best fit of the baselines. Subjec-

tive judgement may cause /3 varies horn 0.4 ta 1,

while cz varies from 0.2 to 2. So we decided to t~e

means of all yi(lo (t?)+ Jo(t)) for each value

of JO( @ + JO(t), regardless specitic r.andont values
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of ct and do regression against 10(e) -i-JO(t). The

result is: p = 0.65, with coefficient of correlation
0.97.

J?@.5.TIW cddated l.( e), in time sequence.

When we tried to fit base lines for individual
pyrancmreters, however, it was noted that
pymnometers 1-5 and S9 may be under different

canopy structure and may have d~erent ~ and
openness. This is because the five and four
pyranometers were located respectively on the two
sides of the flux tower, and the shuffling on DY 39
did not occur between these two sides where the
cauopy structures do look dif?erent. This difference
is hiddem in average-taking procedure. If we divide
the data into two groups and apply the same &
gression for both, we have

For the 1-5, ~ = 0.83, with coefficient of cor-
relation 0.93;

for the 6-9, ~ = 0.43, with coefficient of mr.

relation 0.91.

The coefficients look worse since less number of data
are involved in mean-taking procedure for each
group, therefore more deviation appears (Fig. 6).
Since the canopy structure parameters we used for

calculating P(n = 0[ 8) and K@=~are our best esti-

mates of overall mean values of the SOJP stsnd,
they do not reflect the true d.ii%brermein the two sides

of the tower. For example, if the true 10(@+ Jo(f)

in the group 6-9 is in fkct less than what we used as

the mean value, the above /? is underestimated, and

vice versa for the group 1-5. We tried to change the
density of 1-5 group smaller, and that for 6-9 group

higher. The result ~ values of two groups would
converge end the regression look better (Fig. 7). But
again because the information contained in
py%mometer are limited, not enough to deduce too
many uncertainties in c-opy stnmture, we would
prefer to halt here and validate this after we have
more reIiable structure measurement data. Fres-
ently, we are working on mOcj&@ our hybrid code
so that it can handle this special case (snow on
crowns) for investigating more detailed multiple

scattering patterns. More specifically how ~ is de-
termined by the P{n > 0! 6), leaf spherieal albedo,
and snow reflectance. The parameter co in this
study shouId be the most stable quanti~r among all
other paramet-s. Once it is modeled and validated,
we may be able to imwt K directly from the
pyranometer data. For the ~~ we used in calcul-
ation, ~ =0.65 implies a @ = 0.73, a rather high
albedo.

IV. CONCLUSION

The pyranometer measurement in the SOJP pre-
sents an interest@ case because of its datively
weak ?0 ( @) due to low sun smd therefore relative
apparent J.w(t) contribution- The snow packs on
crowns and on ground fhrther cause strong multiple
scattering between the snow packs on ground and
crowns. This makes hybrid model’s features and
potentials more obvious. From these data and ini-
tial analysis, seemingly we can at least conclude that
in winter SOJP, the radiation absorbed by snow
packs can be apprOxixaately

r
P+lpo - %PM +P)t~tis’~~t 150%givf=
~ = 0.65 and Kw = 0.26) ~OZE! than that C~CU-

Iatid by using 10(8)+ Jo (t) Aone without multipie
scattering. This may be one of the reasons why the
distributed hydrology-vegetation model of Wigmosta
et al. [7] has a systematic bias (though slightly) to
underestimate the snow melt during the maximum
snow pack period.

Though we are Ml waiting for other radiometric
and more reliable tree measurements, the initial
results show that the hybrid model is promising.
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Fig. 6. The regression of ~, for total and for two groups. Patterns: dot - all data; triangle - pyranorneter
#1-5; cross - pyranometer #6-9.
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