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Abstract

Pyranometer measurement under old jack pine forest in the BOREAS experiment is analyzed through our
new hybrid model. This application is an example to illustrate why we need hybrid model and how it works.
The work presented here is a part of efforts for 2 GIS-based distributed hydrology-vegetation interaction

model of drainage basin.

I. WHY HYBRID MODEL?

At the scale of 2 small volume in which leaves can
be regarded as being homogeneously distributed,
some recently developed RT (Radiative Transfer)
theories are the best to model the phenomenon by
using descriptors such as leaf scattering character-
istics, leaf size, volume density of leaf area, etc.
However, at the scale of a stand, GO (Geometric
Optical) models catch the basic features of discon-
tinuous canopies under sunlight, i.e., foliage are clus-
tered into crowns and crowns cast shadows. Hence
in practice up to now, simple pure GO models are
the only models applicable to natural discrete crown
cenopies. However, pure GO models require signa-
tures of sunlit and shaded crown surface and back-
ground as known parameters under given situation
or to be determined in sitn. 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 to leaf descriptors,
wavelength, and sky conditions. ’

We are now in process to develop a hybrid GO-RT
approach to model the radiation climate in a dis-
continuous canopy (partially supported by Chinese
National Natural Science Foundation 19331020). A
key element in this approach is gap probability
meodel which we developed earlier (Li and Strahler,
[1]. Gap probability, on one hand, can be obtained
through pure G-O model which reflects the struc-
ture at the stand scale. On the other har. 1. gap prob-
ability within crown is closely related to the process
that radiation collides and is scattered by foliage.

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

Vertical distribution of sunlit crown surface is first
obtained by GO method. Then the within-crown path
length distributions and associated single scatter-
ing source distributions at different heights are ob-
tained. Then successive order scattering are handled
with a formulation more similar to radiative theo-
ries, with considering the “Openness Distribution”
of discontinnous canopies.

Details of the model formulation and initial valida-
tion using field data acquired in Howland, Maine,
USA, have been published recently (Li et al. [2], (3],
[4]). While more validations are <till needed, the
BOREAS experiment provides some opportunity of
model applications.

II. SOJP TEST SITE OF BOREAS AND
PYRANOMETER MEASUREMENTS THERE

BOREAS (Boreal Ecosystem-Atmosphere Study) is
a cooperative field and analysis study to improve
our understanding of the interactions between the
boreal forest biome and atmosphere, involving sci-
entists from Canada. USA, and other conntries. The
study is centered on two 20320 km sites within the
boreal forest region of Capada, located near the
northern and southern limits of the biome, being
called Northern and Southern Study Areas respec-
tively.
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We acquired three days’ pyranometer measurements
in the BOREAS winter campaign 1994 at an old jack-
pine forest stand (SOJP) of the SSA.

The SOJP 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 i), were placed
randomly on snow surface beneath canopy. Positions
were determined by drawing a random number for
the azirmuth and a random number for paces away
from the Campbell data system. Radiation observa-
tions were taken at 10 second intervals, averaging
over a period of 10 minutes. The radiometers were
sp?)cially ¢alibrated at Eppley Laboratory down to -
50VC.

Measurements were made from the Julian day (DY)
37 at 1520 to DY 40 at 1630. All measurements lied
in a circle with radius 35 m, the center of which was
located 60 ESE of flux tower. Pyranometers were
shuffled randomly once, on DY 39 over period 1110
to 1130.

The total measurements of the 3 pyranometers in
all three days are shown in Fig. 1, the X-axis iz nor-

malized to local solar time, i.e., 0.5 at the local noon,

the Y-axis is of unit W/ m*.

OL EXPLANATION OF MEASUREMENTS BY
HYBRID 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 on the
pyranometer through gaps between the crowns,
when sun crossed the sky, pyranometers got divect
sunshine and shadows alternatively. But what is the
baseline of these spikes?

By our hybrid model, the measured radiance is the
sum of 3 components: 1) direct sunshine 1,(8); 2)
diffuse skylight J . through the gaps in all

hemispherical directions (Openness); 3) multiple

scattering between ground and canopies, excited by |

1,(8) and J, . That is,
YD) =104(8)+ j () + J,(2), (1)
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Fig. 1. Three day measurements of 9 pyranometers
at SOJP, all noxmalized to local solar time, i.e., 0.5
at the noon.

where y,(z)}is the measurement of individual

pyranometer; L;(6) is the contribution from direct

sunshine on pyranometer, which is determined by
sun position, the random location of the pyranometer
and the gaps above it, and therefore a random vari-

able; j,(f) is contribution from direet skylight on
pyranometer, and thus an average of random gaps
over the hemisphere; a variable less random; and
J,,(£) is the contribution from multiple scattering;
and therefore the least random among the three.
The solar zenith angle @ is no doubt a function of
time I, but we use it as variable for ;,(&) to indi-
cate that it is an immediate result of sun direction
instead of diffused skylight or multiple scattering.
The average of i,(0) is:

I(e=1,(6)[P(n=016)

Sun

+P (n>010)], (2)
where P(n = 018) is intercrown gap probability and
P (n>010) is within-crown gap probability.

gap .
P(n=018)=e " 3)
and

P, (n>016)
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=(1-P(n=019))e ™®; (4)
where A is stem density, PLAI(8) is the mean LAT
along the projection @ within crown-shaded area,

I’ 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, PW (n > 0l@) can be ignored

in eq. (2), though we need it later for determining
the multiple scattering in canopies. The mean of
Jolt) is:

Jo(t) = Ty (DK o » (5)

where K

OPCH
h =0 in general case Km (h)in [2].

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

The contribution from multiple scattering is excited
by I.,.(6) and J,(?) and is therefore a function of

1,(8), J,(t) and the vertical distribution of the

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

tiple scattering as being excited by 7,(8) and J,(f)
only.

7.0 =U0)+ Iy S0 (-K, )T
k=]

=)6(Io(9)+~]o(t)) (6)
where @ is the mean albedo of canopies without
between-crown gaps. If we ignore the reflectance of
leaves comparing to snow, @ = 7p, i. e., product of

mean within-crown P, over hemispbere and snow

reflectance, and

ﬁ _ 0_)2(21 — Kopm) '

l-0*(1-K,,)

Then eq. 1 can be rewritten as:
Y:(£) = 5, () + oy (£)

+B11,(6)+ J,(#)]. (8)

Note that [,(€) changes approximately as cos@

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

pyranometer, thus are the spikes in the Fig. 1.
J 4 (2) changes slowly and if always isotropic, the

gap relation to the pyranometer won't change with

(D

time. Therefore though j,(2) is still random, depend-

ing on the location, it can be replaced by &/ (r),
where ¢ is a factor of random Iocation. the second
and third texms 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
pyranometer measurements are resulted merely

from J,(2).

38 = (@ + B, (0). ©)
Ideally with measured J :ky( t) and calculated J,(7),
we can estimate o + Sfrom these periods, and

therefore (@ + 3)J,(¢) for all ¢, if neither ¢ nor S
changes with time. However, since the pyranometer
were shuffled at 11:10am to 11:30am on the day 39,
a sudden change of @ may or may not occur. Fig. 2
shows the base-line of the pyranometer 3 has a sud-
den drop around the time of shuffling, while Fig. 3
shows the base-line of the pyranometer 1 quite
stable.

>

03

Fig. 2. Three day measurements of the pyranometer
3 in time sequence, and the fitted base-line (lower
one). Random shuffling on DY 39 apparently
changed value of .

Because we have no separate measurements for
I..(6) and J_ (1) but total irradiance (Fig. 4) mea-
sured on the flux tower. We have to use 6S (Vermote
et al. [5]) to calculated the [, and J, . a

midlatitude gas model and a continental aerosol
model are applied.
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Fig. 3. Three day measurements of the
pyranometer 1 in time sequence, and the fitted base-
line (Iower one). Random shuffling on DY 39 appar-
ently did not change value of o.

DY: Noon SZN 9%of J % @t noon

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

The 68 code is invalid 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

siny /sin @ nstead of sec @, where
y=@-arcsin(Rsm@/(R+H)), @10

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

percentage of [, at any SZN is assumed 2 nega-

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

I, above. By this way, we divided the total irradi-
ance into [, (6) and J (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 diffiised
skylight and less direct sunshine than the previous

two afternoons. Lacking of measurement J, (2), we

decided not to use the data in that afternoon, though
no much difference if they are included.
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Fig. 4. The 3-day measurements of total irradiance
in time sequence, W/ m>. The estimated [, (the
second high one) and J, by modified 6S.

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

based on the following structural parameters (from
our own measurements and Chen et al., [6]):

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

long spheraid)

r = 0.57; (crown radius)

h = 13.0; {center height)

dbh = 2* 0.084;

A = 800/ha.; (stem density)

The gap probability P(n = 018) is also calculated
based on these parameters for all SZN from noon to
sunxise/sunset. Since K, is assumed a constant,

Jo() bas the same shape as J, (2), but [,(8) is
narrower than I, (8) because of smaller
P(n = 018) at large SZN’s (Fig. 5).

With J, () and [,(@) available, we tried first to fit
the base-line for all pyranometers by carefully ad-

justing B for all and o for individual pyranometer
before and after shuffling (e.g. Fig. 2,3). It was
proven time consuming and lack of quantitative cri-
teria on what is the best fit of the baselines. Subjec.

tive judgement may cause f3 varies from 0.4 to 1,
while & varies from 0.2 to 2. So we decided to take

means of all y.(Z,(@)+Jy(t)) for each value

of [,(8) + J,(2), regardless specific random values
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of (¢ and do regression against 1,(8)+ J,(1). The

result is: B = 0.65, with coefficient of correlation
0.97.
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Fig. 5. The calculated [,(&), in time sequence.

When we tried to fit base lines for individual
pyranometers, however, it was noted that
pyranometers 1-5 and 6-9 may be under different

canopy structure and may have different S 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
canopy structures do look different. This difference
is hidden in average-taking procedure. If we divide
the data into two groups and apply the same re-
gression for both, we have:

Forthe 1-5, B = 0.83, with coefficient of cor-
relation 0.93;

for the 6-9, 8 = 0.43, with coefficient of cor-
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

caleulating P(n=018) and X, are our best esti-

mates of overall mean values of the SOJP stand,
they do not reflect the true difference in the two sides

of the tower. For example, if the true [;(8)+ J,(1)
in the group 6-9 is in fact legs than what we used as
the mean value, the above J 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 and the regression look better (Fig. 7). But

" again because the information contained in

pyranometer are limited, not enough to deduce too
many uncertainties in canopy structure, we would
prefer to halt here and validate this after we have
more reliable structure measurement data. Pres-
ently, we are working on modifying our hybrid code
go that it can handle this special case (spow on
crowns) for investigating more detailed multiple
scattering patterns. More specifically, how B is de-
termined by the P(n>019), leaf spherical albedo,
and snow reflectance. The parameter @ in this
study should be the most stable quantity among all
other parameters. Once it is modeled and validated,
we may be able to invert K directly from the
pyranometer data. For the Kp we used in calcu-
lation, 3 =0.65 implies an @ = 0 783, a rather high
albedo.

IV. CONCLUSION

The pyranometer measurement in the SOJP pre-
sents an interesting case because of its relatively
weak 1,(@) due to low sun and therefore relative
apparent J o () contribution. The snow packs on
crowns and < on ground further 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 approximately
B+ B(1- K, )1+ B) (that is about 150% given
B =065 and K__ = 0.26) more than that calcu-

lated by using I, (rpéﬂ) + J, (¢) alone without multiple
geattering. 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 still waiting for other radiometric
and more reliable tree measurements, the inifial
results show that the hybrid model is promising.
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Fig. 6. The regression of 3, for total and for two groups. Patterns: dot - all data; triangle - pyranometer
#1-5; cross - pvranometer #6-9,
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Fig. 7. The regression of f3, for different K open used for two groups. Patterns: triangle - pvranometer
#1-5; cross - pyranometer #6-9.



