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Abstract

Broken cloud fields create mosaic radiative landscapes with interchanging cloud-shaded and sunlit areas. While clouds
attenuate solar radiation incident on cloud-shaded areas, sunlit ground surfaces may actually receive more irradiance than
under a clear sky due to light scattering and reflection from neighboring clouds. In this paper, we studied these two opposite
but closely related aspects of cloud modulation of surface solar irradiance at a pasture site in southern Brazil. We analyzed a
high-resolution time series of surface measurements obtained during the 1999 wet season. Surface solar irradiance frequently
(more than 20% of the time) exceeded clear-sky levels and occasionally surpassed the extraterrestrial radiation. Clouds
created a bimodal frequency distribution of surface solar irradiance, producing an average of approximately 50 and 14% for
attenuation and enhancement, respectively, as compared to corresponding clear-sky level irradiance. The average duration
of enhancement periods was about 1/3 of the average duration of attenuation periods. On the daily basis, cloud-induced
enhancement contributed an average of 4% of the daily solar input to the surface and compensated for more than 10% of
the attenuation due to the presence of clouds. Through spectral analysis, two temporal regimes were shown to modulate the
surface irradiance by clouds. One was a convective/mesoscale of tens of minutes to hours and the other was a turbulent scale of
several minutes corresponding to the classical Kolmogbre¥ power law. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction and sunlit areas form a mosaic landscape of surface
solar irradiance. What makes this picture interesting is
Large spatial heterogeneity in solar radiative forcing that sunlit ground surfaces may actually receive more
can be created when clouds do not continuously cover irradiance than under a clear sky. This is possible be-
the underlying surface. Interchanging cloud-shaded cause sunlit ground surfaces, which are located at the
end of the paths of solar beams passing through gaps
formed by individual clouds in neighboring skies,
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and O'Malley, 1999; Gu et al.,, 1999). This phe- In this study, we report the results of a detailed
nomenon has been termed ‘cumulus solar-irradiance study of a high-resolution time series of surface so-
reflection’ (Segal and Davis, 1992) and the ‘cloud gap lar irradiance obtained from a pasture area in Brazil
effect’ (Gu et al., 1999). In this paper, we adopt the during the 1999 wet season. The main objectives of
term ‘cloud gap effect’ to denote the cloud-induced this study are: (1) to investigate the statistical char-
enhancement of surface irradiance. We argue thatacteristics (magnitude, duration and frequency) of
cumulus clouds are not the only cloud type that can the cloud gap effect as well as cloud irradiance at-
enhance surface solar irradiance. With proper solar tenuation and associated cloud types, (2) to ascertain
elevation angles, any gaps in cloud cover can createthe influence of the dual functions of clouds (radia-
areas on the ground surface where solar irradiancetion attenuation and enhancement) on solar radiative
exceeds the clear-sky level because of the increasedforcing on a daily basis, and (3) to determine scal-
contribution from the diffuse radiation. However, we ing properties of the temporal dynamics of surface
concur with earlier studies (Segal and Davis, 1992) solar irradiance modulated by clouds. The findings
that clouds with large vertical development such as reported here have direct application to processes
cumulus and cumulonimbus are the most favorable requiring solar energy. Examples include stomatal
ones due to their discontinuity in covering the under- dynamics and associated plant carbon dioxide uptake
lying surface and well-shaped walls for effective light and transpiration, emissions of phytogenic hydro-
reflection. carbons, and photolysis of a plethora of airborne
Direct analyses of a mosaic radiative landscape are molecules.
difficult because the radiation field at this scale can-
not be readily obtained. Alternatively the phenomenon
can be studied in the time domain. For a fixed point on 2. Site description and measurements
the ground, the surface may experience alternatively
sunlit and shaded conditions due to the movement of Measurements were made at a pasture site in the
the cloud field and changes in solar elevation angles. state of Rond6nia, Brazil (2@5'S, 6222W) during
This leads to a time series of the received solar irra- January and February 1999. This period corresponded
diance that is characterized by alternative periods of to the rainy season. The site is part of a large defor-
reduced solar radiation and unusually high solar radi- ested area dominated by short grass with palm and
ation. Such a feature is commonly observed in high isolated trees scattered throughout the landscape. A
time resolution pyranometer records (Segal and Davis, fully instrumented 10 m micrometeorological tower
1992). with radiometers was set up and the continuous
Segal and Davis (1992) evaluated the magnitude measurements used to characterize the local energy
of the cloud gap effect using measurements obtained balance. Incoming total solar radiation was measured
along the Front Range of Colorado, USA. They re- with two duplicating pyranometers (model PSP Ep-
ported that the cloud gap effect was able to cause pley pyranometer, Newport, RIl; model CM3, Kipp
increases of up to~250 Wnt12 in surface solar ir- and Zonen, Holand). Outgoing total short-wave radi-
radiance with periods lasting 15-30min. Gu et al. ation was also measured with the CM3 instrument.
(1999) analyzed data given in Duchon and O’Malley Incoming and outgoing long-wave radiation were
(1999) for Lamont, Oklahoma, USA and found that measured with pyrgeometers (Kipp and Zonen). In-
around noontime the cloud gap effect can increase coming and outgoing photosynthetically active radi-
ground surface irradiance by more than 20% over ation (PAR, Model LI190SA, LiCor Inc., Lincoln,
the clear-sky level. To our knowledge, no stud- NB) were also measured. Data were acquired using
ies have been conducted to evaluate the magnitudedata loggers (model CR7, Campbell Scientific Inc.,
and dynamic characteristics of the cloud gap ef- Logan, UT) that provided 1 min averaged quantities.
fect in the tropics of prevailing cumuliform clouds In the data analyses reported below, we utilize the
where some of the most magnificent clouds in the high-frequency, 1 min data. During the 2-month period
world are often observed (Garstang and Fitzjarrald, of the field campaign, we also observed cloud types
1999). every 3h.
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3. Clear-sky irradiance model whereTy is the dew point temperatureR) andax is an
empirical constant based on season and latitude. The
A major step in our analyses was to determine the aerosol transmission coefficietatis given by
clear-sky solar irradiance on the ground surface so that m
a reference could be established for cloudy sky con- fa=x (6)
ditions. During the 2-month measurement period, We \yherex is an empirically determined coefficient.
never observed a single completely clear day. There- £, the Northern Hemisphere, values faandx can
fore, we applied the clear-sky solar irradiance model 4 tound in the literature (e.g. Smith, 1966; Meyers
developed by Meyers and Dale (1983). We determined .4 Dale, 1983; Duchon and O'Malley, 1999). For
the model parameters by fitting measurements from o squthern Hemisphere, however, we do not know
those daily segments in which we observed no clouds yqir values. To determing and x for our site, we
directly over the site. For completeness, we outline qngirycted a minimization function to be applied for

the model here. Complete model details can be found {,4¢e daily periods in which we observed no clouds
elsewhere (e.g. Meyers and Dale, 1983; Ibgal, 1983;

Duchon and O’Malley, 1999). 1 ’
In the absence of clouds, the clear-sky surface irra- /(. X) = ;Z(Ii = Iai) ()
diancel. is determined by the product of four trans- i=1

mission coefficients characterizing Rayleigh scattering \yhere I;s are solar irradiance measurements from
(tr), permanent gas absorptioy)( water vapor ab-  those periods for which no clouds were observed
sorption {w), and aerosol scattering), respectively  girectly over the siten is the total number of mea-

surements, andk;s are corresponding model results

I = IotRigtuta @) when i andx are given. We minimized the function
where lg is the extraterrestrial solar irradiance at a f(x, X) by using the conjugate gradient method (Press
plane parallel to the Earth’s surfade.is given by et al., 1992). The values we obtained are= 2.80,
andx = 0.925. As shown in Fig. 1, fitted model
Io = Isc [1 +0.033 COS(@)} sing 2) results agree closely with measured clear-sky surface
365 irradiance.

Obviously for the treatment employed here one
can always ask the following question: how is the
enhancement during the ‘between-clouds’ periods

wherelsc denotes the solar constabt the day of the
year, andg is the solar elevation angle. We imple-
mented an algorithm described in Michalsky (1988) to
calculates. The product ofg andty is predicted from

the surface pressume (kPa) and the optical airmass 1200
numberm at 101.3kPa by (3) Slope =1.0
=10
@ 1000 -
fRig=1.021 0084[ (949 10—5+0051)]1/2 3
® 53
g% 600 1
where 385
-1/2 E e 400 -
m = 35 (1224 sif g + 1) @) g8
=3 200 4
The water vapor transmission coefficiggtis related
to the atmospheric column precipitable watefcm) 04 T T T y T
andm by (5): 0 200 400 600 800 1000 1200
03 Measured Surface Irradiance
tw=1-—0.077(um)~>, (5a) under Clear Skies (Wm'?)

u = exp(0.1133— In(x + 1) + 0.03937y) (5b) Fig. 1. Predicted and measured clear-sky surface solar irradiance.
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avoided? With cloud fields located in the horizon (but elements are marked on the time)(axis. Also shown

not over the measurement site), there is always a pos-in the figure are clear-sky and extraterrestrial solar ir-
sibility of surface irradiance enhancement at the place, radiance. In general, large enhancement occurred with
where the sensors are located. To minimize this uncer- cloud cover around 4/8 to 6/8, which corresponds
tainty, we set the following standards for the periods to partly (scattered) to mostly (broken) cloudy con-
used in the clear-sky irradiance model: (a) the periods ditions. Under these circumstances, cumulus clouds
must be longer than 2h; (b) the surface irradiance were often found dominating the sky but other types
must follow the trend of extraterrestrial radiation and of clouds such as altocumulus, stratocumulus and al-
change smoothly with time. This procedure does not tostratus were often present in the sky as well. Other
completely eliminate the possibility of contaminated features worth noting include the following.
‘between-clouds’ periods and it is possible that the 1. Enhancement of surface irradiance was generally
modeled clear-sky irradiance may be slightly higher associated with erratic fluctuations in the time se-
than the actual value. But it ensures that the enhance- ries. Extremely high irradiance values were often
ment effects of clouds will not be overestimated. preceded and followed by large drops in surface
To further assess this issue, we compared predicted irradiance, indicating the presence and movement
clear-sky irradiance with measured values for those  of thick and broken clouds. Smoothly changing or
clear-sky periods that were longer than 1 h but shorter  slightly fluctuating measurements rarely showed ir-
than 2 h and, therefore, not used in the parameter esti- radiance enhancement. In the latter case, the mod-
mation. We found good agreement between predicted eled clear-sky irradiance curves served as the outer
and measured results?(= 0.99, root mean square boundary of the small fluctuations.

error = 29.1Wm~2). This additional test indicates 2. The magnitude of the fluctuation, that is, the dif-
that the clear-sky irradiance contamination is unlikely ference between local minima and maxima of suc-
a problem for our analyses. It also served as an in-  cessive shaded and sunlit periods, can exceed the
dependent validation for the model and its parameter  magnitude of the corresponding clear-sky surface
estimation because it used a different set of measure- irradiance.

ments. It is reassuring that our estimated values for 3. The irradiance enhancement occurred not only

A and x are comparable to those reported in the lit- around noontime but also in early morning or late
erature for low latitudes in the northern hemisphere  afternoon. This is in contrast to what was reported
(Smith, 1966; Meyers and Dale, 1983). by Segal and Davis (1992) for the Front Range of

Colorado, USA where enhancement was observed
only around noontime.

4. Results 4. The erratic fluctuations and enhancement of sur-
face irradiance can occur before and after a long

4.1. General features of temporal variations of period of reduced surface solar radiation, indicat-
surface irradiance ing the presence of advancing and departing large
optically thick clouds near times when enhanced

A striking feature in our measurements is that sur- irradiance was observed (e.g. during 13-14h of

face irradiance frequently surpassed the correspond- day-35, Fig. 2).

ing clear-sky irradiance level, and instantaneously

exceeded the extraterrestrial solar radiation on many 4. 2 Bimodality in relative changes of surface solar
occasions. This phenomenon is confirmed by both jrradiance

duplicating pyranometers, which gave almost iden-

tical measurements. The cloud-induced irradiance \we also studied the distribution of the relative
enhancement was observed almost every day duringchanges of surface solar irradiance under the impacts

the 2-month measurement period except for a few f cjouds. The relative changeis calculated by
completely overcast days. Fig. 2 gives two examples

of daily temporal changes of surface irradiance under 100 I — I o
cloudy conditions (day 35 and 38). Observed weather " ~ X (8)

Cc
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Fig. 2. Examples of the temporal changes of surface solar irradiance under partly cloudy conditions. Also shown are calculated clear-sky
surface solar irradiance and extraterrestrial solar irradiance. Observed sky conditions are markextaxisth€he abbreviations included
in the figure are defined as follows: BKN broken (clouds); Cu cumulus clouds; Ac altocumulus; As altostratus; Sc stratocumulus; St stratus;

Cb cumulus congestus; Ci cirrus; Cs cirrus stratus.

wherel is the measured surface solar irradiance. To ability densityp(r) is defined by
avoid the potential problems in sensor responses to low
B, in the analyses we excluded data with< 5°. We, p(r) =

then, calculated the probability density functip(r)
for the distribution ofr from the measurements ob- where N is the total number of measurements and

tained during the 2-month field campaign. The prob- n,_,,4+a, is the number of measurements with the

Ny—r+Ar (9)
N Ar
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Fig. 3. Probability density function (A) and cumulative probability distribution (B) of cloud-induced changes in surface solar irradiance
relative to the clear-sky level. Analyses used all measurements without regard to the time of day.

relative changes falling into the interval, ¢ + Ar). fairly high (Fig. 3(B)). More than 20% of our irradi-
From Eq. (9), we defined the cumulative probability ance measurements are enhanced measurements. The
distributionF(r) as in Eq. (10): average for the enhancement is 14.3%. For compar-
too ison, the averagefor the attenuation is-48.7% and
F@r) = / p(2)dz (10) the overall average far (including both the enhance-
r ment and attenuation) is35.2% (Table 1). Therefore

F(r) represents the probability that the relative change the cloud gap effect represents a substantial compen-
in surface irradiance exceeds a given valugor the sation for the attenuation of sunlight by clouds. Be-
F(r), we are only interested in> 0% (enhancement). ~ cause of the abnormal distributions, these means are
Fig. 3 shows the results for the probability density for illustrative purpose only and must be treated cau-
function (Fig. 3(A)) and the cumulative probability tiously. For example, due to the bimodal pattern, the
distribution (Fig. 3(B)) derived from the measure- overall average of the relative changevhich falls be-
ments. A key feature of the probability density func- tween the two peaks, is not a representative indication
tion (Fig. 3(A)) is that it has a bimodal pattern. Abroad of effects of clouds on surface irradiance (Fig. 3(A)).
peak is located at the negative side (reduced irradi- To determine how the patterns, shown in Fig. 3,
ance, negative scale on tkexis) and centered at~ evolve with time during the day, we divide the daytime
—60%, indicating that dominant clouds overhead the into seven periods of equal duration: early morning
measurement point substantially attenuated light levels period, middle morning period, late morning period,
reaching the surface. A sharp peak is located around noontime period, early afternoon period, middle after-
the clear-sky irradiance level (0%) but with a long tail noon period, and late afternoon period. Each period
in the enhancement side (positive scale onxtagis).
There is a steep drop in the magnitude of the probabil-
ity density function as changes from positive to neg-
ative. For convenience in expression, we shall call the
peak at the negative side the shade peak and the peak Enhancemenkttenuation  Over
around the clear-sky irradiance level the shine peak. - only only al

The cumulative probability distribution shows that mea” relative change (%) ~ 14.3 —487 —352

. . . Mean duration (min) 7 24 -

the frequency of irradiance enhancement by clouds is

Table 1
Some statistics on cloud modulation of surface irradiance
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Fig. 4. Probability density functions ((A) and (C)) and cumulative probability distributions ((B) and (D)) of cloud-induced changes in
surface solar irradiance relative to the clear-sky level for different periods of the day.

lasts for 1 h and 40 min. For each period, we deter- the surface irradiance is most likely to be enhanced
mine the probability density function and the cumu- by clouds { > 0%). Overall, low solar elevation an-
lative probability distribution as in Eq. (9) and (10), gles reduce the cumulative probability of surface ir-
respectively. The distributions obtained are shown in radiance enhancement & 0%, see the curves for
Fig. 4. The probability density function exhibits a bi- early morning period in Fig. 4(B) and late afternoon
modal characteristic (Fig. 4(A) and (C)) for all periods period in Fig. 4(D)). For large values of(r > 20%),
of the day. However, the shine peak tends to dimin- however, the early morning and late afternoon periods
ish at the low solar elevation angles, especially during have higher cumulative probability than other periods
the afternoon. The shade peak for the noontime period of the day. This means that early morning and late
tends to be smaller than other periods. While the shine afternoon are more likely to experience high relative
peaks for other time periods are centered around theincreases in surface solar irradiance if the cloud gap
clear-sky irradiancer(= 0%), the shine peaks cor- effect happens. The curves of the cumulative proba-
responding to the early and middle afternoon periods bility distribution for middle morning, late morning,
are located at the enhancement side-(0%). noontime, early afternoon and middle afternoon are
The cumulative probability distributions for differ-  fairly close to each other (Fig. 4(B) and (D)). For these
ent time periods of the day (Fig. 4(B) and (D)) show periods, the relative change in surface irradiamje (
that noontime and early afternoon are the time when rarely exceeds 30%.
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Fig. 5. Frequency distributions (A) and cumulative frequency distributions (B) of the duration of cloud-induced enhancement and attenuation
of surface solar irradiance. All degrees of enhancement and attenuation are included.

4.3. Distributions of enhanced and attenuated average duration for the enhancement is 7 min while
periods the average duration for the attenuation is 24 min
(Table 1). These means, reported here and following,
The periods of enhanced surface solar irradiance are for illustrative purposes only due to the hyperbolic
were generally short. However, occasionally long pe- distributions of involved variables.
riods with enhanced solar irradiance lasting for nearly ~ To learn, how the duration distributions change with
1h were observed. We determined the duration of the degrees of enhancement and attenuation, we used
periods of enhanced and attenuated surface irradi- the mean relative irradiance changi a given period
ance based on the time when the measured irradianceas an index and separated the distributions into the fol-
curve crosses the modeled clear-sky irradiance curve.lowing categoriesi > 20%, 10%< 7 < 20%, 0%<
The distributions (histograms) of these periods were r < 10%, —20% < r < 0%, —40% < r < —20%,
then studied. Fig. 5 shows the frequency distributions and7 < —40%. The ranges of these categories were
(Fig. 5(A)) and cumulative frequency distributions determined based on considerations of including suffi-
(Fig. 5(B)) of the duration of the enhanced and at- cient number of samples in each category. Fig. 6 shows
tenuated periods. For both the enhancement andthe frequency distributions (histograms, Fig. 6(A) and
attenuation, the frequency decreases as the duration(C)) and cumulative frequency distributions (Fig. 6(B)
increases (Fig. 5(A)). Both distributions exhibit typi- and (D)) for these categories. The mean times of du-
cal hyperbolic features. The initial decrease is fast but ration are given in Table 2. It shows that the mean
the trend becomes very flat after the period exceeds duration increases as the degree of enhancement or
10 min (Fig. 5(A)). A similar pattern is also shown attenuation increases. The peak of the frequency dis-
in the cumulative frequency distributions (Fig. 5(B)). tributions for the attenuation tends to move towards
This hyperbolic feature results from the existence of longer duration as the degree of attenuation increases
some persistent long periods of surface irradiance (meanr decreases, Fig. 6(C)).
enhancement and attenuation in the measurement. It
also appears that the attenuation has higher probabil-4.4. Scaling (scale invariant) regimes of surface
ities to experience long duration than the enhance- irradiance
ment. This is shown clearly in Fig. 5(B) in which the
cumulative frequency distribution curve for the atten- A fast-Fourier transform (FFT) spectral analysis for
uation is above the curve for the enhancement. The the time series of surface irradiance was conducted to
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Fig. 6. Frequency distributions ((A) and (C)) and cumulative frequency distributions ((B) and (D)) of the duration of cloud-induced
enhancement ((A) and (B)) and attenuation ((C) and (D)) of surface solar irradiance for different degrees of enhancement or attenuation.

determine the characteristic time scales of the mod- the log—log spectrum is composed of two nearly linear
ulation of the irradiance by clouds. Measurements sections with a smooth transition around 10 min. The
of irradiance were continuous from 7 January to 28 linearity indicates a power law relationship between
February. The FFT was conducted for this period us- the power spectrum density (PSD) and frequerigy (
ing the Signal Processing Toolbox of MATLAB with  which in turn reflects invariance of statistical prop-
a 4-day Bartlett window for spectral averaging. The erties under a scale changing operation. For the time
log—log power spectrum obtained is shown in Fig. 7. scale between 10min to 9h, PSB 1158 with

A striking feature of the spectrum is the lack of 2 = 0.91. For the time scale smaller than 10 min,
characteristic time scales other than the two peaks rep-the classical Kolmogorof>/3 law applies with-? =
resenting harmonics for the diurnal cycle (Fig. 7). In  0.93. Apparently these two linear sections correspond
particular, for cycles with periods less than about 9 h, to two different regimes controlling the cloud-induced

Table 2
Mean duration of periods for different degrees of enhancement and attenuation

Mean relative change (%) 7> 20 10<7 <20 0<7r <10 —-20<7r <0 —-40<7 < -20 r < —40

Mean duration (min) 9 7 6 6 13 57
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Fig. 7. Power spectrum of the 1 min values of surface solar irradiance from 7 January to 28 February, 1999.

temporal dynamics of surface irradiance. The section 4.5. Influence on surface solar radiative forcing

from 9 h to 10 min includes convective and mesoscale

cloud processes. Small cumulus clouds and the grow-

ing and decaying towers within a large cumulus cloud

On a daily basis, the total energy input of the
cloud-induced enhancement to surface solar radiative

have time scales in the order of 10 min. Ensembles forcing Eq (J m~2) can be determined by Eq. (11)

of convective clouds in organized mesoscale systems

have durations of tens of minutes to hours. We re-

gard this section of the spectrum as characterizing the =9 -

convective regime of the cloud systems encountered
at the study location. The-5/3 slope, characteris-
tic of turbulent processes, with a time scal@0 min

is attributed to the atmospheric turbulence diffusion
regime. This regime probably reflects internal inho-
mogeneities within individual clouds (e.g. variations
in liquid water content) and external inhomogeneities
in fields composed of relatively small clouds. These
internal and external small-scale inhomogeneities cre-
ate high frequency fluctuations in surface irradiance.

These two regimes are discussed in more detail below.

sunset
/ {max{l (1), Ie()] — Io(O)}dr (11)
S

unrise

The total solar energy attenuated by clouds during a
day E, is determined from Eq. (12)

sunset
Ea= / {Io() — min(1 (¢, Io(o)] )l (12)
S

unrise

Finally, the total daily surface solar radiative forcing
E; is given by Eq. (13)

sunset
/ 1(¢)dt
S

unrise

t = (13)
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Fig. 8. Frequency distributions of the percentages of daily total solar energy contribution from cloud gap effect relative to daily total solar
energy received by the ground surface (A) and the percentages of this energy contribution relative to daily total solar energy attenuated
by clouds (B).

The magnitudes dEg relative toE, andE; (100Ey/E; degree that the extraterrestrial irradiance is exceeded.
and 10@Ey/E,, respectively) are determined from The enhancement was a pervasive phenomenon in our
our measurements. Fig. 8 shows the histograms of observations. It covered almost a quarter of our daily
these two percentages. The frequency distribution of irradiance measurements or equivalently a quarter of
100E4/E; has a peak around 5% (Fig. 8(A)). Aver- daily time (one datum represents 1min, Fig. 3(B)
aged over the 2-month period of our measurements, and Fig. 4(B) and (D)). The energy contribution from
the cloud-induced surface irradiance enhancementthe cloud gap effect to the solar radiative forcing at
contributed 40 £+ 0.4% of daily solar energy input the surface was not trivial. It accounted for 4.0% of
onto the ground surface. The frequency distribution of the daily solar radiative forcing at the surface and
100E4/E, apparently has multiple peaks (Fig. 8(B)). compensated for 11.7% of solar energy attenuation
On a daily basis, the energy input to the ground surface by clouds.
due to the cloud-induced surface irradiance enhance- The duration of most periods of surface irradiance
ment averaged over the 2-month period amounted to enhancement was on the order of several minutes.
117 + 2.7% of the solar energy attenuated by the This is sufficiently long to impact many atmospheric
clouds. chemical processes. For example, molecular cleav-
age by photolysis can occur at temporal scales less
than one minute (Brasseur et al., 1999, pp. 112-113).
5. Summary and conclusions However, it is probably not long enough for stomata
of plants to have a full response since stomatal con-
Clouds modulate surface solar radiation in a com- ductance may take 30-60min to reach equilibrium
plex manner with two seemingly contradictory as- (Mansfield and Heath, 1963; Mansfield and Meidner,
pects. The commonsense aspect is that overheadl966). Nevertheless this does not preclude the poten-
clouds reduce surface irradiance. The peak distribu- tial importance of the cloud gap effect in affecting
tion of relative change around—60% indicates that  biophysical processes of vegetative ecosystems since
dominant clouds during our measurement periods for a rapidly changing radiation environment in which
were optically thick (Fig. 3(A) and Fig. 4(A) and cloud gap effect is associated (Fig. 2), equilibrium in
(C)). Less obvious is that clouds, especially cumuli- stomatal openness cannot be achieved regardless of
form clouds, can enhance surface irradiance to such awhether it is in the period of irradiance enhancement



128 L. Gu et al./Agricultural and Forest
or attenuation. Another important factor is the diffu-
sive nature of the part of the surface solar irradiance
in excess of the clear-sky level. Plant canopies have
higher photosynthetic use efficiencies for diffuse radi-
ation than for direct beam radiation (Wang and Jarvis,
1990; Gu et al., 1999). The biophysical importance
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It is well known that when a passive scalar
is introduced into a turbulent fluid, the spectrum
of its fluctuations is generically described by the
Kolmogorovf—>/2 law. The observed-5/3 power law
in the spectrum of surface irradiance suggests that
scattering from the vertical sides of the cumulus clouds

is a function of the turbulent motions involved in the
three dimensional mixing which takes place on these
cloud walls.

of cloud gap effect was already revealed in Gu et al.
(1999). They found that cloud gap effect led to higher
photosynthetic rate of two boreal deciduous forests.
Although data are unavailable to us for analyzing
spatial heterogeneity in surface solar irradiance, the
findings presented here cast some insights into the Acknowledgements
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