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Modified Monte Carlo algorithms are presented for calculating spectral fluxes of short-wave
radiation for efficient computation of photosynthetically active radiation (PAR) in the clear-sky
atmosphere, overcast, and broken clouds. A database is created for fast calculations of monthly mean
PAR values for different geographic latitudes, months, and surface types, using satellite data on the
cloud amount. The calculations are compared with ground data for BOREAS NSA (Canada).

Introduction

The photosynthetically active radiation (PAR,
400—700 nm) constitutes approximately 45% of the
shortwave radiation reaching the Earth surface. In the
process of photosynthesis, PAR is partially absorbed
by plants, thus being one of the key characteristics of
accumulation of carbon by ground ecosystems.
Therefore, the energy parameters of PAR, determined
at different time and space averaging, are initial data
in practically all carbon transport models (see, e.g.,
Refs. 1—5). Together ~with other atmospheric
parameters (the precipitation amount, atmospheric and
soil temperatures, etc.), PAR is also used for estimation
of carbon balance of forest ecosystems with the help
of regression models based on direct measurements of
CO, fluxes at different ground sites.®’

For modeling carbon cycle on a global scale, it is
necessary to know PAR levels and spatial and temporal
PAR variations in different regions of the globe.
During last decade, systematic measurements of PAR
and other meteorological parameters are performed in
FLUXNET  network  (http://daacsti.ornl.gov/
FLUXNET/fluxnet.html), including some regional
networks (AMERIFLUX, EUROFLUX). In Russia,
a quite large array of measurements of the
photosynthetically active radiation is accumulated in
the Meteorological Observatory of the Moscow State
University.*® However, the possibilities of ground-
based PAR measurements are limited geographically.
Therefore, radiation codes, whose input parameters are
data of satellite measurements of atmospheric parameters,
primarily the cloud amount and the cloud optical
depth, are of wide use in current PAR estimates.

Earlier, the Institute of Atmospheric Optics SB
RAS has developed efficient Monte Carlo algorithms
for calculation of spectral fluxes of the shortwave
radiation for different atmospheric conditions: clear-
sky atmosphere, overcast, and broken clouds.'®!'! In
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this paper we describe a modification of these
algorithms designed for PAR determination from
satellite data on the cloud amount, and compare
calculation results with ground-based BOREAS NSA
measurements (province Manitoba, Canada, 55.9°N,
98.5°W) of the AMERIFLUX network.

1. Atmosphere model

The plane-parallel model of atmosphere is
specified as a set of Ny, horizontally homogeneous
layers, each characterized by constant meteorological
parameters (pressure, temperature), atmospheric gas
concentration, and aerosol optical characteristics. Top-
of-atmosphere (TOA) height H ' is assumed to be
100 km. Underlying surface is assumed to reflect the
incident radiation according to Lambert law.

Aerosol model

Each jth layer, j =1, .., Ni,y, is assigned with an
individual aerosol extinction coefficient, single scattering
albedo, and scattering phase function at Ay = 550 nm.
The spectral behavior of the optical characteristics
and their vertical stratification correspond to the model
recommended by World Climate Research Program
(WCP)."? The aerosol optical characteristics are
calculated for reference wavelengths in accordance
with Mie theory” and by linear interpolation for
other A values. Within each layer, Rayleigh scattering
coefficients are also specified.'

Optical cloud model

For modeling clouds within a separated layer,
we use a statistically homogeneous cloud model
based on the Poisson point flux on straight lines.'
Input model parameters were positions of cloud top
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{ bot . .
H_” and bottom H )" boundaries, mean horizontal

cloud size D (or the parameter y= H/D, where
H=HY— HE,OI is the geometrical thickness of a cloud
layer), as well as some optical characteristics, namely,
the cloud extinction coefficient, single scattering
albedo, and scattering phase function. The optical
characteristics of liquid water clouds were calculated
for a reference set of wavelengths assuming a wide
particle size distribution'®; optical characteristics at
other wavelengths required in calculations were
obtained using the linear interpolation.

2. Calculation technique

Integrated (within a spectral range 400—700 nm)

fluxes of upward (Fpag) and downward (Fyg) solar
radiation at the level z were calculated by formula

N Aist
F[Iglg)(z) — ZFi(TN(Z)V P;T(l)(z) _ J. FT(l)(Z,k)d}\.,
i=1 A

i=1, .., N, % =400 nm, Ay.; = 700 nm, 1)

where N is the number of spectral intervals; F'(z,2)

are spectral fluxes.

Within the ith spectral interval (&;, A; (), optical
characteristics of clouds and aerosol, as well as the
Rayleigh scattering coefficients, were assumed to be

constant. As was already noted, fluxes Ff(“(z) were

calculated by the Monte Carlo algorithms: under
conditions of clear-sky and horizontally homogeneous
overcast we used the direct simulation method,'” and
in broken clouds — the algorithm suggested by Titov
et al.' Photon trajectories in the atmosphere were
modeled independently of the gas absorption.

The selective molecular absorption in each spectral
interval AL = (;, A;41) was taken into account using
transmission functions T (Am*), where Am* is the
optical mass of absorbing gases accumulated along the
photon trajectory. To determine Tx(Am™), we used
approximation in the form of the linear combination
of several exponentials (the k-distribution method).!! 18
For instance, for direct component of the downward
radiation, T (Am™) was represented as

Aivt
Ty (Am") = j SG) T(Am*,k)dk/SM =
Ai

L Hyeh
:ZC, exp| —m _[ k(g;,2)dz |, )
=1 0

Aist
Ai

Here, S(1) is the spectral solar constant;
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11(0])

atm
T(Am', 1) = exp| —m _[ Kol (A, 2)dz
0

is the monochromatic transmission function of the
Earth atmosphere; m is the atmosphere optical mass
(in the direction to Sun); k(% z) is the molecular
absorption coefficient at the wavelength A and the
height z above the earth surface; k(g, z) is absorption
coefficient in the space of cumulative frequencies g;
g; and C; are nodes and coefficients of Gaussian

L
quadratures; ZC, =1
=1

In our calculations, N =3, i.e., a 400—700 nm
region was divided into 3 equal-size intervals: 400—
500, 500—600, and 600—700 nm. Within each
interval, optical characteristics of clouds, aerosol,
and molecular scattering were assumed to be equal to
their values at wavelengths corresponding to the
interval center: 450, 550, and 650 nm. The surface
albedo Ay ; in the ith interval was calculated by the
formula

A= ——— i=1,2,3.

Spectral values of the surface albedo A(L) were
taken from the model of Hook.!

The molecular absorption coefficients were
calculated beforehand using the HITRAN-2000 database
(http://www.hitran.com) and the continuum
absorption model CKD2.4 (http://rtweb.aer.com). The
number of Gaussian quadratures in Eq. (2) L =10.
Vertical profiles of the temperature, air pressure, and
gas concentrations (H,O, O,, and O3) were specified
in accordance with the LOWTRAN7 model,' taking
into account the season and geographic zone. Values
of solar constant at the top of atmosphere correspond
to those in Refs. 20 and 21.

To test the given approach for Fﬁﬁ\) calculation,
we compared vertical profiles of downward and
upward PAR fluxes, obtained by the above-described
method, with results of calculations by algorithms
developed at the Russian Research Center Kurchatov
Institute (RRC Kurchatov Institute). (The latters had
been repeatedly tested in ground-based measurements

of integrated solar fluxes.??®) The calculated FP

profiles under conditions of the clear-sky atmosphere
of mid-latitude summer® and continental aerosol
model'? are presented in Table 1. It is seen that the
maximal differences between PAR fluxes, calculated
by the two independent algorithms, do not exceed
1.5 W/m?

Considering that the accuracy of RRC Kurchatov
Institute calculations is estimated within 2—3 W,/ m?,
the obtained discrepancy can be regarded insignificant,
and the described approach can be used for determination
of the photosynthetically active radiation.
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Table 1. Upward and downward PAR fluxes, W /m?;
mid-latitude summer," continental aerosol,?
solar zenith angle of 60°

2, km FISLAR (2) FPTAR(Z)
RRC IAO RRC | 1AO

0.0 199.585  198.109 12.826 12.549
0.2 202.878  201.543 14.924 14.737
0.5 207.722  206.676 17.919 17.922
1.0 215.691  215.081 22.700 22.946
2.0 223619  223.483 27.329 27.789
3.0 234.572  234.842 | 34.057 34.732
5.0 239.787  240.004 | 38.126 38.799
10.0 | 248829  249.118 | 45.245 46.016
15.0 | 253714  254.454 | 48.588 49.768
20.0 | 256.856  257.635 | 49.784 51.166
25.0 | 259.965  260.695 | 50.108 51.509
50.0 | 265226  265.626 | 50.110 51.404
100.0 | 265345  265.753 50.127 51.418

3. Comparison of model calculations
and experimental data

Most long-term and continuous measurements for
study of carbon exchange in boreal forests were
performed in the framework of International Project
BOReal Ecosystem-Atmosphere Study (BOREAS).
This project (http://www-eosdis.ornl.gov/BOREAS/
bhs/BOREAS_Home.html) was directed towards
studying specific features of interaction of boreal
forests with atmosphere and assessing their role in the
global carbon cycle. During the Project implementation,
two sites were organized on the territory of Canada:
Southern Study Area (SSA, 53.4—54.3°N, 104.2—
106.3°W) and Northern Study Area (NSA, 55.4—
56.2°N, 97.2—99.0°W). Measurements covered about
half-hundred of parameters characterizing forest, soil,
and atmosphere. To construct regression dependences
relating CO, fluxes to atmospheric parameters, only
some of them were used, the PAR flux measured at
BOREAS NSA among them.

The BOREAS NSA data for the period from
March 1994 to December 2003 were taken from the
corresponding site of AMERIFLUX network (http://
public.ornl.gov/ameriflux,/) in the form of unified
files, in which the measured quantities were half-hour
averages. The PAR data (pmol - photon-m=2-s7"),
with accounting for gaps, were recalculated into
corresponding monthly mean values (W,/m?), which
then were immediately used in regressions of the
carbon balance of forested ecosystems.

The diurnally mean PAR value, calculated on
the fifteenth day of the chosen month, was used as a
model estimate of the monthly mean PAR value from
satellite data. It was assumed that the cloud amount
was unchanged during a day and equal to its monthly
mean  value retrieved from MODIS data
(Modis/Terra Atmosphere Monthly Global Product,
http: // g0dup05u.ecs.nasa.gov / Giovanni // modis.
MODO08 M3.shtml). As an example, Table 2 presents
the monthly mean cloud amount n, over BOREAS
NSA for 4 years.
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Table 2. Monthly mean cloud amounts (%)
over BOREAS NSA

Year
Month 5575502 [ 2008 | 2004
1 81 83 84 90
2 58 64 74 82
3 70 57 74 58
4 46 57 58 54
5 61 51 40 57
6 48 42 54 63
7 52 66 45 58
8 63 69 55 71
9 58 86 77 64
10 90 87 82 85
1 81 87 81 71
12 75 84 77 71

In the calculations we assumed one-layer clouds
and the height of the bottom boundary HY" of 2 km.
The mean horizontal cloud size D and the shape
parameter y determining the cloud top boundary
H'® corresponded to data from Ref.24. The cloud
extinction coefficient o, was chosen directly
proportional to the cloud amount n, expressed in
percent, that is

Ccl — 0.1271(). (3)

Over a wide range of n, and solar zenith angles,
formula (3) ensures a good agreement (at a mean
discrepancy of about 5W,/m?) between PAR values
calculated by this algorithm and by the algorithm of
RRC Kurchatov Institute. In these calculations, the
broken clouds were represented as a random Gaussian
field bounded below at some chosen level.®® In its
turn, the Gaussian model ensures a satisfactory
agreement of calculations with data of ground- and
satellite-based radiation measurements,?*~" where cloud
extinction coefficient is specified in the form

G:I = 0.3”() (4)

Formulas (1) and (3) were used to calculate
downward PAR fluxes for different combinations of
reference values of the solar zenith angle, cloud
amount, and surface albedo. The cosine of solar zenith
angle and the cloud amount varied with steps 0.1 and
10%, respectively. The obtained calculation array and
specially designed servicing software formed a
database allowing one to rapidly calculate, based on
the linear interpolation, monthly mean PAR values
for arbitrarily chosen geographic coordinates, month
of the year, and surface type. The database-calculated
monthly mean PAR values were used in constructing
the regression model intended for calculation of the
monthly mean carbon balance NEE (Net Ecosystem
Exchange) of Canadian and Siberian boreal forests.”

Figure 1 presents the measured and calculated
monthly mean downward PAR values for BOREAS
NSA in 2001—2003.

Figure 1 shows that calculations of Fx(z = 0) are

close to measurements. Discrepancies have practically
no effect on the accuracy of regression determination
of the boreal forest NEE. Relatively large differences
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are observed for small PAR values corresponding to
winter months, when sun elevations are low and
photosynthesis in plants is absent because of low air
temperatures.
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Fig. 1. Measured and modeled monthly mean downward
PAR values for BOREAS NSA, 2001—2003.

Conclusion

This paper presents algorithms of PAR
calculation for clear sky, overcast, and broken
clouds. Spectral range 400—700 nm is divided into
three equal-size intervals, where spectral variations of
aerosol and cloud optical characteristics are
neglected. Radiative characteristics are calculated by
the Monte Carlo method; the transmission function
of atmospheric gases is approximated by exponential
series (k-distribution method). Molecular absorption
coefficients are calculated with the use of the
spectroscopic database HITRAN-2000, taking into
account the specified profiles of meteorological
parameters and atmospheric gas concentrations.

Using the developed algorithms, we performed a
great amount of computations of reference PAR
values and constructed a database for fast calculation
of monthly mean PAR values for different geographic
latitudes, months, and surface types. The model-
derived and measured monthly mean PAR values in
BOREAS NSA (Canada) in 2001—2003 well agree,
which confirms that the developed approach provides
for PAR estimates with an error not influencing the
accuracy of regression estimates of CO, fluxes in
boreal forests.

Acknowledgments

This work was partially supported by Russian
Foundation for Basic Research (grants 03-05-64655,
04-05-64579) and European Space Agency (ESA/IFA
project “CO, retrieval over boreal forest”).

References

1. V.F. Krapivin and K.Ya. Kondratyev, Global Change of
Environment: Ecological Information Science (Publishing

T.B. Zhuravleva et al.

House of St. Petersburg University, St. Petersburg, 2002),
724 pp.

2. S. Sitch, “The role of vegetation dynamics in the control
of atmospheric CO, content,” PhD thesis, Lund University
(2002).

3. S. Sitch, B. Smith, I. Prentice, A. Arneth, A. Bondeau,
W. Cramer, J. Kaplan, S. Levis, W. Licht, M. Sykes,
K. Thonicke, and S. Venevdki, Glob. Change Biol., No. 9,
161—185 (2003).

4. A. Chevillard, U. Kastens, Ph. Ciais, L. Lafont, and
M. Heimann, Tellus 54B, No. 5, 872—894 (2002).

5. S. Lafont, L. Kergoat, G. Dedieu, A. Chrvillard, U. Kastens,
and O. Kolle, Tellus 54B, No. 5, 820—833 (2002).

6. J. Bubier, B. Gaytri, T. Moore, N. Roulet, and
P. Lafleur, Ecosystems, 6, 353—367 (2003), DOI: 10.1007/
$10021-003-0125-0.

7. A. Trishchenko, A. Rublev, A. Uspensky, T. Udalova,
N. Zysina, M. Buchwitz, V. Rozanov, A. Rozanov,
T. Zhuravleva, S. Wang, and A. Trotsenko, in: 37st Int.
Symp. on Remote Sens. of Environment. St. Petersburg
(2005), http://www.isprs.org/publications,/related /ISRSE,/
html/paper,/519.pdf

8. G.M. Abakumova, E.I. Nezval, and O.A. Shilovtseva,
Meteorol. Gidrol., No. 7, 29—40 (2002).
9. O.A. Silovtseva, K.N. Dyakonov,
Meteorol. Gidrol., No. 1, 37—47 (2005).
10. G.A. Titov, T.B. Zhuravleva, and V.E. Zuev, J. Geophys.
Res. D. 102, No. 2, 1819—1832 (1997).

11. T.B. Zhuravleva, and K.M. Firsov, Atmos. Oceanic
Opt. 17, No. 11, 799—806 (2004).

12. “A preliminary cloudless standard atmosphere for
radiation computation,” World Climate Research Programme.
WCP-112, WMO/TD, No. 24 (1986), 60 pp.

13. D. Deirmendjian, Electromagnetic Scattering on Spherical
Polydispersions (American Elsevier Publishing Company,
INC, 1969), 292 pp.

14. F.X. Kneizys, D.S. Robertson, L.W. Abreu, P. Acharya,
G.P. Anderson, L.S. Rothman, J.H. Chetwynd, J.E.A. Selby,
E.P. Shetle, W.O. Gallery, A. Berk, S.A. Clough, and
L.S. Bernstein, The MODTRAN 2/3 report and LOWTRAN 7
model (Phillips  Laboratory,  Geophysics  Directorate,
Hanscom AFB, MA 01731-3010, 1996), 260 pp.

15. V.E. Zuev and G.A. Titov, Atmospheric Optics and
Climate (Spektr Publishing House of IAO SB RAS, Tomsk,
1996), 271 pp.

16. Radiation in the Cloudy Atmosphere (Gidrometeoizdat,
Leningrad, 1981), 280 pp.

17. G.1. Marchuk, G.A. Mikhailov, M.A. Nazaraliev,
R.A. Darbinyan, B.A. Kargin, and B.S. Elepov, Monte Carlo
Method in Atmospheric Optics (Nauka, Novosibirsk, 1976),
280 pp.

18. K.M. Firsov, T.Yu. Chesnokova, V.V. Belov,
A.B. Serebrennikov, and Yu.N. Ponomarev, Vychisl. Tekhnol.
7, No. 5, 77—87 (2002).

19. S.J. Hook, ASTER Spectral Library: Johns Hopkins
University (JHU) spectral library; Jet Propulsion Laboratory
(JPL) spectral library; The United States Geological Survey
(USGS-Reston) spectral library. http://speclib.jpl.nasa.gov
20. T.L. Kurucz, in: IAU Symp. 154, ed. by D.M. Rabin and
J.T. Jefferies (Kluwer Acad. Press, Norwell Massachusetts,
1992).

21. J. Fontenla, O.R. White, P.A. Fox, E.H. Avertt, and
R.L. Kurucz, Astrophys. J., No. 518, 480—500 (1999).

22. N.E. Chubarova, A.N. Rublev, A.N. Trotsenko, and
V.V. Trembach, Izv. Ros. Akad. Nauk, Ser. Fizika Atmos.
Okeana 35, No. 1, 222—239 (1999).

23. A.N. Rublev, V.V. Trembach, N.E. Cubarova,
N.N. Ulyumdzieva, and G.I. Gorchakov, Int. Symp. of
Former USSR Countries on Atmospheric Radiation
(ISAR-02), St. Petersburg (2002), pp. 33—34.

and E.A. Baldina,



T.B. Zhuravleva et al.

24. S.M. Shmetter, Thermodynamics and Physics of
Convective Clouds (Gidrometeoizdat, Leningrad, 1987),
288 pp.

25. A.N. Rublev and V.V. Golomolzin, “Simulation of
cumulus clouds,” Preprint of Kurchatov Institute KIAE-
5567,/16, Moscow (1992), 12 pp.

26. A. Rublev, A. Trotsenko, N. Chubarova, et al., in:
IRS’96: Current Problems in Atmospheric Radiation, ed.
by Smith and Stamnes (A. Deepak Pub. Virginia, Hampton,
1997), pp. 488—491.

Vol. 19, No. 1 /January 2006/ Atmos. Oceanic Opt. 59

27. L.V. Geogdzhaev, T.V. Kondranin, A.N. Rublev, and
N.E. Chubarova, Izv. Ros. Akad. Nauk, Ser. Fizika Atmos.
Okeana 33, No. 5, 680—686 (1997).

28. E.M. Feigelson, A.N. Rublev, and A.S. Emilenko, Izv.
Ros. Akad. Nauk, Atmos. Ocean Phys. 37, Suppl. 1, S131—
S133 (2001).

29. V.V. Trembach, A.N. Rublev, and T.A. Udalova, in:
IRS 2000: Current Problems in Atmospheric Radiation,
ed. by W.L. Smith and Yu.M. Timofeyev (A. Deepak Publ.
Virginia, Hampton, 2001), pp. 1058—1060.



