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Key Point
. ﬁse light increases over a narrow range of optically thin clouds (z. < 7)

. ecrease in total light under optically thin clouds offsets increases in light use

ncy

g

ges within 7. < 7 are unlikely to alter plant canopy CO, uptake
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Abstract

Clouds scatter direct solar radiation, generating diffuse radiation and altering the ratio of
direct to diffuse light. If diffuse light increases plant canopy CO, uptake, clouds may indirectly
influence climate by altering the terrestrial carbon cycle. However, past research primarily uses
proxies or qualitative categories of clouds to connect the effect of diffuse light on CO, uptake to
sky conditiops. We mechanistically link and quantify effects of cloud optical thickness (z.) to
surfaHand plant canopy CO, uptake by comparing satellite retrievals of 7 to ground-based
measuy s of diffuse and total photosynthetically active radiation (PAR; 400-700 nm) and
gross pmproduction (GPP) in forests and croplands. Overall, total PAR decreased with z,
whilg diffuse PAR increased until an average z. of 6.8 and decreased with larger z.. When diffuse
PAR ingcreased with z., 7-24% of variation in diffuse PAR was explained by z.. Light use

efficie UE) in this range increased 0.001-0.002 per unit increase in z.. Although .

explai -20% of the variation in LUE, there was no significant relationship between z. and
GPP ( 5) when diffuse PAR increased. We conclude that diffuse PAR increases under a

narrow giajpee of optically thin clouds and the dominant effect of clouds is to reduce total plant-
availa R. This decrease in total PAR offsets the increase in LUE under increasing diffuse

PAR, iding evidence that changes within this range of low cloud optical thickness are
unlikely to @ter the magnitude of terrestrial CO, fluxes.
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1 Introduction

Clouds alter the Earth’s energy balance in multiple ways, including through the
greenhouse effect and changes in planetary albedo [Arking, 1991; Stephens, 2005]. Calculating
the net effect of clouds on climate in Earth system models remains an important challenge [Bony
et al., 2015; Boucher et al., 2013]. Much of the research addressing this has focused on
understandigg the radiative effects of clouds [Andrews et al., 2012; Lauer and Hamilton, 2013].
HoweVer, clouds can also influence Earth’s climate through the carbon cycle by changing the
amounm: of light available for plants to use in photosynthesis [Jenkins et al., 2007].
Simila ling clouds, difficulties in modeling the carbon cycle lead to projections of CO,
fluxas wakasberrestrial ecosystems that carry large uncertainty. The most recent Earth system
model gptercomparison project estimates that terrestrial ecosystems can be either a source of or
sink fo on by 2100, with fluxes ranging from -6 to 9 Pg C yr'* [Friedlingstein et al., 2014].
One wify toYdentify a potential source of uncertainty in land surface models while also
impro r understanding of how clouds impact climate, is to mechanistically link and
quanti ffects of clouds on terrestrial CO, fluxes.

s can influence the terrestrial carbon cycle by changing light availability in two
ways. i louds can reduce the amount of light that reaches plant canopies by absorbing and
reflectin; s;ar radiation [Cess et al., 1995; Twomey, 1991]. Second, cloud droplets and ice
crystals interact with incoming solar radiation to produce scattered, diffuse light [Davis and
MarshmO; Hansen, 1971]. Regional climate model simulations demonstrate that model skill

for esti™wmmg variability in summer temperatures improves when radiation is explicitly

partiti ghto direct and diffuse components, but only up to 3% [Davin and Seneviratne, 2012].
In add hen more of the photosynthetically active radiation (PAR; 400-700 nm) above a
light d plant canopy is diffuse rather than direct, a greater percentage of incoming PAR is
distri 0 lower-canopy leaves within the canopy [Urban et al., 2012], which leads to an
increaggs™Canopy light-use efficiency (LUE) [Gu et al., 2002; Hollinger et al., 1994; Knohl and
Bald »2008; Niyogi et al., 2004; Still et al., 2009]. Studies using modeled and measured

diffuse PAR to predict ecosystem productivity infer that forest CO, uptake is greater under
cloudyggkies than under clear skies [Law et al., 2002; Rocha et al., 2004]. However, a series of

modeli dies collectively show that increases in LUE under diffuse light conditions may be
too sm ompensate for decreases in shortwave radiation on longer timescales [Alton, 2008;
Alton 005; Knohl and Baldocchi, 2008]. In contrast, a series of studies show that carbon

uptake ¢ higher under diffuse light conditions, despite reductions in total PAR [Gu et al.,
1999: Kollinger et al., 1994; Mercado et al., 2009].

though studies have examined the effect of diffuse light on terrestrial carbon
proce!ﬁ'g,'iew have directly linked this relationship to clouds. Most studies have examined the
assummemthat clouds alter plant canopy uptake using proxies for cloud cover, rather than
measulr, s of cloud properties [Alton et al., 2005; Alton et al., 2007; Gu et al., 1999; Jenkins
etal., 2003 For example, cloud conditions have been inferred from the ratio of surface radiation

toe estrial radiation at the top of the atmosphere calculated from the solar constant and
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Earth-Sun geometry [Liu and Jordan, 1960]. Similarly, Gu et al. [1999] quantified cloudiness
using the ratio of total radiation at the surface under a given sky condition to a modeled clear sky
radiation. However, these proxies are biased by the assumptions used to model and partition
radiation [Kanniah et al., 2012]. The use of observations of cloud cover would provide key
empirical evidence of the impact of clouds on plant carbon uptake.

Of the studies using cloud observations, most use categorical descriptions of cloud cover

(e.q., -free”, “mixed”, “cloudy”) [Niyogi et al., 2004; Oliphant et al., 2011]. This limits
our abij# predict the effects of small changes in clouds that have been observed over the last
few de ree and Sun, 2014; Marchand, 2013]. There is one study that used ground-based

meagurgents of diffuse light and cloud measurements and found that surface diffuse light
changeg non-linearly over a narrow range of cloud optical thickness (0 to 5), with a peak in
diffuse at a cloud optical thickness of 2 [Min, 2005]. However, this analysis was done at a
single making it difficult to determine whether the effect of cloud optical thickness on
carbon e can be applied to broader spatial scales. Another study used a satellite-retrieved
measur, louds (i.e., cloud fraction) from the International Satellite Cloud Climatology
projecmm to show that satellite data over the Amazon can predict site-specific surface light
conditi utt et al., 2010]. However, this work did not connect cloud fraction to primary
production ;m areas beyond the region.

n this study, we use satellite-derived cloud optical thickness from Moderate Resolution
Imagi troradiometer (MODIS) instruments as a metric to mechanistically link and
quantim'cnﬂuence of clouds on surface diffuse light and canopy CO, uptake across multiple
ecosys e use MODIS data because they are still collected, whereas ISCCP data are
availa y through 2009. We chose cloud optical thickness because it describes the
cumulative depletion of light through a cloud [Platnick et al., 2003]. It also combines the
influ of cloud presence, physical thickness, and phase (i.e., liquid, solid) on the amount of
surface ion that is reflected, transmitted, and absorbed by the atmosphere [Kikuchi et al.,
2000" eva and Stamnes, 1994; Platnick et al., 2003]. Cloud optical thickness (z.) is a
dimensionless factor defined as:

o= [y B@dz (1)
where d ig the height of the atmosphere and £ is the cloud extinction coefficient, which is the
sum of’attering coefficient and absorption coefficient [Mayer et al., 1998]. MODIS
provideSssud 7. at 1-km? resolution across the globe [Platnick et al., 2003].

Mentify whether there is an empirical link among clouds, diffuse PAR, and ecosystem
carb e, we combine MODIS 7. values with ground observations of surface total and
diffusegP ARgand gross primary production (GPP) collected from a set of sites in the AmeriFlux
network. We also use these data to identify if there is a signal of z. in GPP. Results from our

study insights into how biosphere-atmosphere interactions influence the Earth’s climate
intwo s tant ways. First, we evaluate the use of satellite-derived 7. to determine the
relationshiebetween diffuse light and canopy CO, uptake identified in previous studies. This
allo 0 quantify the effects of clouds on carbon uptake and to identify how changes in
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clouds may alter fluxes of CO; into terrestrial ecosystems. Second, we quantify this effect at
multiple sites of contrasting temperate zone ecosystem types (i.e., broadleaf forest, mixed forest,
cropland). By linking and quantifying the relationships among z., surface PAR, and GPP, we
provide insight into how changes in clouds may impact climate through the carbon cycle by
altering radiation regimes in terrestrial ecosystems.

2 Mt
2.1 SitQﬁion and AmeriFlux Data

= =masaxamine the relationships between z;, surface PAR, and GPP, we used ground-based
observsions provided through the AmeriFlux program (http://ameriflux.lbl.gov/). AmeriFlux is a
networ ux and meteorological towers in the United States (U.S.) that measures fluxes of
water ﬁp—ogand CO; between the land surface and the atmosphere using the eddy covariance

techni aldocchi, 2003], along with site-level soil, vegetation, radiation, and meteorological
conditigng™{ he online AmeriFlux data we used are standardized, reviewed, and quality
controfMad.

e first part of our analysis, we analyzed the relationships between z. and both
surface totaljand diffuse PAR. We chose AmeriFlux sites that are minimally managed, temperate
ecosystems that have at least three years of CO; flux, total PAR, diffuse PAR, and MODIS data

availa 00-present) [Platnick et al., 2003]. Eight sites (Table 1) met these criteria. For these
sites, Level 2, with-gap (processed and quality controlled) diffuse PAR data from May
throug ember available at 30-minute or 1-hour resolution to capture the primary Northern
Hemis rowing season. For Howland Forest, we included April data when this month was
calc part of the site’s peak growing season (see below for details).

iffuse PAR was measured at Sherman Island with a custom-designed rotating shadow
band rgaedMeter. As the shadow band rotates around the photodiode in the radiometer,
mea s of global (i.e., direct and diffuse) and diffuse light are recorded when the sensor is

fully shaded and covered [Michalsky et al., 1988]. At the remaining sites, diffuse PAR was
measursd with a model BF2, BF3, or BF5 sensor (Delta-T Devices, Ltd., Cambridge, UK).

e second part of the analysis, we analyzed the relationship between 7. and GPP,
which } ctly linked with light and, unlike net ecosystem exchange (NEE), does not include
respira f the eight sites with diffuse PAR measurements, only four had Level 2 NEE and
with-g data. These sites represent mixed forest (Howland Forest), deciduous broadleaf
forest &or:an Monroe and UMBS), and cropland (Mead Irrigated Maize). At these sites,
ecosystem regspiration is modeled from nighttime measurements and then subtracted from
obse E to calculate GPP.

>

<
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Table 1: eriFlux site information and ecosystem characteristics
Average .
ﬁ Average P Growing
. eak
Site Lat Lon Ye_ars of Caqopy _ _ LAI Cumulative Growing Seasor_1
(SitelD) ™ m) Diffuse Height Vegetation Community Management (mz m_2) May-Sept GPP Season Length in
! PAR Data (m) Precipitation Days
! (mm) Start Date (Min, Max)
(DOY) '
Red spruce (Picea rubens) and
t , Eastern hemlock (Tsuga canadensis)
Howland 45 204 2006- with balsam fir (Abies balsamea), 358
Forest 0 2008 20° white pine (Pinus strobus), white None ~ 6% (includes Yes 141 106, 141
(US-Ho1l) ) cedar (Thuja occidentalis), red maple April)
(Acer rubrum), and paper birch (Betula
papyrifera)b.
'(\fjesa_‘?\lel) _—r | ool |20 Maize (Zea mays)° Cifrri‘éirﬂg'r‘]’(?t 5.7° 630 Yes 184 31,56
Sugar maple (A. saccharum), tulip
Morgan E?) 2006- poplar (Liriodendron tulipifera), 5
Monroe - 413’ 2013 27° sassafras (Sassafras albidum), white None 495 Yes 142 41,121
(US-MMS) ' oak (Quercus alba), and black oak (Q.
nigra)®.
Bigtooth aspen (Populus
grandidentata), red oak (Q. rubra), red
maple (A. rubrum), and white pine (P.
strobus) with trembling aspen (P. =0
kJU'\gI?SMB %’ 22%(172' 299 tremuloides), white birch (B. None 35 355 Yes 164 51, 106

papyrifera), sugar maple (A.
saccharum), red pine (P. resinosa),
and American beech (Fagus
grandifolia)®.

Author M
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maple (A. saccharum), yellow birch
(Betula alleghaniensis) with red maple

: American beech (F. grandifolia), sugar

Bartlett 44.064, 2004- h (A. rubrum), paper birch (B. h _ _
(US-Bar) ™ | ™28 2011 22 papyrifera), eastern hemlock (T. None 36 589 No

5 canadensis), eastern white pine (P.

strobus}j, and red spruce (Picea

r. rubens)™
Flagstaff WQ 2006- 18' Pinus ponderosa (Ponderosa pine)’ None 2.3 301 No | - -
(US-Fuf) 6 2010
Sherman %7, 2010- - Grasses, including pepperweed None 0.68- 13 No | -- --
Island 2013 (Lepidium latifolium) and mouse 0.81
(US-Snd) barley (Hordeum murinum L.)
Vaira 38.406, 2006- 0.55% Grasses, including purple false brome Grazed" <2' 35 No | -- -
Ranch 0 2013 (Xu (Brachypodium distachyon L.), smooth

(US-Var) 2004) cat’s ear (Hypochaeris glabra L.),

ES lesser trefoil (Trifolium dubium Sibth.)
rose clover (Trifolium hirtum All.),
twinning snakelily (Dichelostemma
volubile A.), and Big Heron bill

(Erodium botrys Cav)k

Scott € 2004], "Hollinger et al. [2004], °personal communication with site investigator, dSuyker and Verma [2008],°Dragoni et al.
[20 iphant et al. [2011], °Gough et al. [2013], "Jenkins et al. [2007], 'Dore et al. [2012], 'Ma et al. [2012], “Xu and Baldocchi
[2004], "Miller et al. [2007]

—
O
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2.2 MODIS Cloud Optical Thickness (z;)

MODIS 7, measurements are globally available at 1-km? resolution [Platnick et al.,
2003]. The MODIS instrument is a 36-band spectroradiometer measuring radiation between
0.415-14.235 um from 705 km above Earth’s surface aboard two satellites, Terra and Aqua
(Platnick 2003). Terra moves in a descending orbit and crosses the equator at approximately
10:30 Iﬁcal Hme and Agua moves in an ascending orbit with an overpass at the equator of

appr y 13:30 local time [Qu, 2006]. MODIS has a 2,330 km swath width, which leads to
global ge approximately every 2 days (King 2003). Level 2 MODIS data are stored in 5-
minute nules typically containing 2,030 along-track pixels [Baum and Platnick, 2006].

= smadime 7. values over land are retrieved using look-up tables to find the combinations of
7. and gloud droplet effective radius values that best match solar reflectance measurements from

one vi and (0.645 pum) and multiple near-infrared (1.6, 2.13, and 3.75 um) bands (Platnick
1997, fatrMgk 2003). Calculations are made assuming plane-parallel, homogenous clouds over a
black s with no atmosphere and use separate libraries for ice and liquid water clouds
[Baum gngmPlatnick, 2006]. Additional algorithms correct for the effects of surface albedo and
atmospgrigftransmittance on reflectance measurements, such as Rayleigh scattering and trace

certainty value is also calculated for each z. that accounts for several types of

errors. These include errors in the models and libraries used in the retrieval, changes to
instru libration, and changes in the composition of the atmosphere above the cloud, such
as aero d water vapor (Platnick 1997). Uncertainties in the retrieval process, such as for
cloud couaiephase, particle size and shape, and homogeneity, bias estimates of z., particularly
for thirga m hick clouds [Zeng et al., 2012]. To minimize the effect of bias from retrieval
uncertainties in our study, we limit our analysis to values of z. with uncertainty < 25%.

used daytime, Level 2 Terra and Aqua cloud products (MODO06_L2, MYDO06_L2)
from C ion 5.1 from NASA’s Level 1 and Atmosphere Archive and Distribution System
(httpte eb.nascom.nasa.gov/index.html). The algorithms in this collection retrieve z. for
pixels with a cloud mask designation of cloudy or probably cloudy [King et al., 2013]. However,
they dgnot process pixels that are identified as partly-cloudy [King et al., 2013], which are
includ e most recent collection [Pincus et al., 2012]. Our results therefore reflect the effect
of over ies within a 3x3 km? area on surface light and GPP. Latitude and longitude
coordir@?om MODIS Level 1 Geolocation product (MODO03) were used to find the closest
pixegﬁdor’ of each AmeriFlux site. We compared the influence of z. on diffuse PAR

gas andﬁ: vapor absorption (Platnick 2003, Platnick 1997).
An

using dat two spatial resolutions: (1) z. from the 1x1 km? pixel that includes the AmeriFlux site
and € Mean 7. from nine pixels covering a 3x3 km? area with the AmeriFlux site in the
centthE'l'!)f the pixel array. We did not apply filters to the pixels surrounding the center pixel.
Calculaseag of mean z. therefore include pixels surrounding the center pixel with missing data
and anmrtainty level. At 1x1 km? resolution, all sites showed a similar non-linear response
of diffuse PAR to z;, except for Flagstaff (Supporting Information Fig. S1). However, when we
used%age 7. from a 3x3 km? area, the response at Flagstaff matched the other sites. The

8
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larger spatial resolution may better explain the response of diffuse PAR to 7. because a broader
spatial area captures the spatial heterogeneity that may affect the half-hour or hourly ground-
based diffuse PAR measurements. For the remainder of this paper, z. refers to the average z.
from a 3x3 km? area with the site at the center.

Author Manuscript
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2.3 Peak Growing Season Calculations

For each site, we analyze GPP data for the most photosynthetically active time of year.
To define this time period, we use changes in NEE to identify phenological changes in the plant
canopy [Garrity et al., 2011]. We calculate 5-day averages from daytime NEE (AmeriFlux Level
2 gap-filled data when available, otherwise Level 2 with-gap data) and define the first day of the
peak growing season when the 5-day NEE average is within 90% of the year’s fourth highest 5-
day N'éﬂvrgrage. We used the fourth-highest NEE average to account for extreme values due to
anomammer. Next, we define the end of the peak growing season as the last day when the
5-day rage is within 75% of the year’s fourth-highest NEE average. We use different
cutoffstarthe beginning and end of the season because phenological changes in the canopy are
quickegin the beginning of the season (e.g., leaf out) than they are at the end (e.g., senescence).
AIthou&HﬂB approach cannot detect the exact beginning and end of the peak growing season, it
providg® a ®aiform method to define the period of time during which plants are at full seasonal
growth ctivity across our sites. In addition, only using data from the peak growing season
allowsmquantify the maximum effect that clouds and diffuse light have on GPP.

2.4 Da lysis
Aftes obtaining z. values retrieved from MODIS, we matched each z. timestamp to the
closest AmeriFlux tower time. The z. retrievals at our sites occurred during midday (10:00-
15:00) Il within a small range of zenith angles (16-30°). We excluded data points with
missin r pressure deficit (VPD), air temperature, diffuse PAR, and total PAR and only used
total P lues > 20 pmol m™ s, assuming that lower radiation levels indicate sensor errors or
margirmther conditions (e.g., rain events). Under clear skies, aerosols, ozone, and humidity
also affect the partitioning of direct solar radiation into diffuse light [Bird and Riordan, 1986].
We specifically include the effect of aerosols on surface PAR or GPP in our analysis
becausg«#T aerosols have a relatively low optical depth compared to clouds (usually z < 1.0), (2)
satel ed aerosol optical depth is not retrieved when clouds are present, which is the focus
of this study, and (3) remote sites such as ours generally have low aerosol optical depths relative
to areag closer to anthropogenic activity (Steiner et al., 2013).

se clouds both transmit and absorb diffuse light, we expected diffuse light to
increa then decrease with z.. To identify the point of . where the relationship between
these miables first changed from positive to negative, we used a smoothing spline function
[R Cor , 2014]. This identifies the range of z; when clouds increase diffuse light and are
most Iigelg to increase GPP. The region where diffuse PAR increases with z. met the statistical
assumptions of linear regression analysis, which we used to quantify the relationship between
cloud'ilﬁl'l'a'surface diffuse light. We analyzed the relationship between z. and diffuse PAR by
month und no large variation across the season. We also used a spline function to assess
the res of total PAR across the entire range of z.. For two of the sites (Flagstaff and
Howland), the residuals from the linear models between total PAR and z. while diffuse PAR
increﬁl not pass the Shapiro-Wilk test or visual inspection for normality. However, we

10
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kept these data untransformed to display the information in a consistent format as the other sites
and for the diffuse PAR data.

We also used linear regression analysis to examine the relationship between z. and GPP
across the entire range of available z. data, which met statistical assumptions of this analysis
method. The residuals from linear models between LUE and z. below the maximum amount of
diffuse PAR were not normal at all sites, but applying a log transformation to LUE produced
norm uals. Because the difference in R? did not increase more than 0.04, we report
untranmLUE data in the following analysis. Regressions between z. while diffuse PAR
increa ransformed LUE are shown in Supplementary Information Fig. S2. For LUE data
abovg (Rezevalue associated with maximum diffuse PAR, all but one site met the assumptions
for Iin?r regression. We kept these data untransformed to keep all data in a consistent format.

3 Res@nd Discussion

31z jffuse PAR
nalysis of 7, and surface light above plant canopies at eight AmeriFlux sites shows a
non-li lationship between 7. and diffuse PAR (Fig. 1). Across all sites, diffuse PAR

increases Wigh 7. until an average value of 6.8, above which diffuse PAR decreases. There is
some site-level variation in this value of z;, ranging from 5.2 at Flagstaff to 9.7 at Sherman Island
(Fig. 1)f To our knowledge, only one study has used measurements of z. to examine cloud effects

on sur ¥ffuse PAR [Min, 2005]. That study used measurements from a multi-filter rotating
shado radiometer at one location (Harvard Forest) during one growing season to

demon hat diffuse PAR increases up to 7. = 2 and decreases thereafter. Using new data,
inclygdi ellite retrievals of z; and direct measurements of diffuse PAR from tower-mounted
sensors=we expand this analysis across both space and time. We find that the response of diffuse
PAR consistent across sites, yet diffuse PAR peaks at greater z. values than previously
repo in [2005]. Our estimated values for the z. where diffuse PAR reaches its maximum

may be larger because we used data with solar zenith angles between 16 and 30°, whereas Min
[2005]gused data from more zenith angles.

uantifying the range across which diffuse PAR and z. increase together is important for
unders g canopy GPP fluxes because total PAR decreases across the entire range of z. (Fig.
2). Bel e 7. value at which diffuse PAR peaks, we found significant positive relationships
betwee, d diffuse PAR at all sites (Fig. 3, p < 0.05) except Flagstaff. The variation in
diffu;ﬁlhat is explained by z. at these sites ranges from 7 to 24% (Fig. 3). The increase in
diffuselPA$across this range of optically thin clouds ranged from 30 pmol m™ s™ per unit . at
Sherman 1stand to 71 pmol m™ s per unit z at Vaira Ranch. These results illustrate the
variabi light extinction in the atmosphere that occurs across sites. In addition, below a z. of
10, ch n total and diffuse PAR indicate that total PAR becomes increasingly dominated by
diffuse PAdas . increases (Fig. 3). Thus, increases in z. above 10 predominately serve to reduce
diﬁﬁabove plant canopies.
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Limitations in the cloud retrieval methods may explain some of the remaining variation
in the relationship between 7. and diffuse PAR. For example, satellite retrieval methods and
ground-based sensors cannot entirely capture the impact of vertical and horizontal cloud
heterogeneity on surface light. Cloud particle size, phase, and shape alter scattering properties of
clouds (e.qg., single scattering albedo) [Chou et al., 1998; King, 1987; Macke et al., 1998], which
could cause clouds with the same 7 to produce different amounts of diffuse light. The effect of

clou geneity can also cause additional biases in satellite retrievals of 7 by violating the
MODI rithm assumption that clouds are homogenous [Dim et al., 2007; Zeng et al., 2012].
This h een in cloud resolving simulations and radiation schemes that demonstrate that

the parameterization of cloud overlap influences model estimates of surface radiation [Barker et
al., 1999; Shonk et al., 2010]. In addition, inaccurate algorithm selection of phase and cloud-

scattert perties for inhomogeneous skies can bias retrievals of z. [Koren et al., 2008; Pincus
et al., 3@12%Varnai and Marshak, 2002]. Our use of the nine-pixel average of z. allows us to
captur of the horizontal inhomogeneity in clouds that would not be possible if we only

used thgs zgegom one pixel alone. The average minimum and maximum standard deviation of z.
over a 2 area ranged from 0.11 to 4.36 (Table 2). This suggests the potential importance

of spatj iability in cloud conditions (Table 2).
Somp of the unexplained variation in the relationship between z. and diffuse PAR may

also result from differences in the temporal and spatial resolutions between MODIS retrievals
and A x data. MODIS retrievals are near instantaneous (5 minutes per granule) and cover
alkm while AmeriFlux data are averaged at 30-minutes or 1-hour and are made with
point s . As a result, changes in cloud conditions included in the MODIS retrievals may not
be enti%ptured by ground-based PAR sensors, and vice versa. In addition, variation across
sites could result from calibration and measurement errors in ground-based PAR sensors. Despite
thes ations, we still detect a signal of cloud optical thickness in surface diffuse PAR
measur S.

Author
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a) Bartlett b) Flagstaff
Peak =6.1 Peak=5.2
Peak=7.2 Peak=5.8
i f) Sherman Island
Peak=6.5 Peak=9.7
- Peak=64 Peak=7.4
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esponse of AmeriFlux-tower measured diffuse photosynthetically active radiation
| m?s™) to 3x3 km? average cloud optical thickness (z; unitless) with uncertainty <
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25% retrieved from MODIS. “Peak” refers to the highest value of 7, associated with an increase
in diffuse PAR. Data points include measurements from May through September from years with
available data (see Table 1). For Howland Forest, April data are included when this month is
calculated as part of the site’s peak growing season. Plotted lines represent the general
relationship between diffuse PAR and 7. as estimated by a smoothing spline function.

Author Manuscript
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Fig. 2. Thegesponse of AmeriFlux-tower measured total photosynthetically active radiation
(PA ol m?s™) to 3x3 km? average cloud optical thickness (z; unitless) with uncertainty <
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25% retrieved from MODIS. Data points include measurements from May through September
from years with available data (see Table 1). For Howland Forest, April data are included when
this month is calculated as part of the site’s peak growing season. Plotted lines represent the
general relationship between total PAR and z. as estimated by a smoothing spline function.
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retrieved from MODIS. Data points include measurements from May through September from
years with available data and for z. values lower than the peak of the diffuse PAR-z; curve
(values listed in Fig. 1). For Howland, April data are included when they are calculated as part of
the site’s peak growing season. R? and slopes (m) are listed for significant linear relationships
with a p <0.05.

Tablé"ﬂﬂ!\dard deviation (SD) of . for retrievals within a 3x3 km? area of each AmeriFlux

site. D lude points with a 3x3 km? z that is below the 7. where diffuse PAR peaks and that
occur e sites' peak growing seasons.
| |
! Site Mean Minimum Maximum
SD of 1 SD of 1 SD of 1
O Flagstaff 0.82 0.08 3.29
Sherman Island 1.73 0.48 3.79
UMBS 1.29 0.14 4,78
w Bartlett 1.05 0.04 4.45
Mead 0.99 0.07 5.38
3 Howland 0.91 0.03 3.89
Vaira Ranch 0.92 0.00 4.21
C Morgan Monroe 0.82 0.06 5.05

3.2 t; and Light Use Efficiency
e four AmeriFlux sites with GPP measurements, we examined the relationship
betweelr hd GPP per unit of total PAR, which describes ecosystem-level LUE. To capture any

negﬁositive effects of clouds on ecosystem carbon processing, we analyzed how LUE

a

changes 7. under two separate regimes—first, when diffuse PAR increases with z. and

seco diffuse PAR decreases with z.. The separation between these two regimes is shown
in Fig. 4 with a vertical dashed line for each site, where diffuse PAR increases to the left of the
line and diffuse PAR decreases to the right of the line. The calculations of 7. where the maximum
diffusehé&occurs at each site are shown in Fig. 1 and explained in Section 3.1.

reting the response of LUE to changes in z. and diffuse PAR is complicated by the

overall Jase in total PAR that occurs as clouds become optically thick. Because
photosyMMesis rates increase and then saturate with PAR, LUE generally increases when total
light a lity decreases [Medlyn, 1998; Turner et al., 2003]. Thus, it is expected that LUE
wou se as clouds become more optically thick. Below we discuss trends in LUE when
PAR es but becomes more diffuse (low z.), as well as when both total and diffuse PAR

decrease (higher z.).
Acrdps the range of 7. when diffuse PAR increases, LUE increases with . (Fig. 4, p <

0.01). creases in LUE from the smallest to largest z. shown to the left of the vertical

dashed Lig®®'in Fig. 4 are 71% at Howland, 22% at Mead, 62% at Morgan Monroe, and 60% at

UM though these percent increases are large in the forests, the increase in LUE across this
18
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range of 7. was 0.001-0.002 per unit increase in z.. Our results are consistent with the range of
increases in LUE found on cloudy days compared to sunny days in a Sitka spruce forest [Dengel
and Grace, 2010] and with the 39% increase in LUE found in a deciduous temperate forest under
thin clouds compared to skies with aerosols [Min, 2005]. However, Alton et al. [2007] reported
smaller increases in LUE, ranging from 6-18% in a boreal needleleaf forest and 15-28% in a
temperate brpadleaf forest depending on time of day. These rates may differ from ours because

they LUE as the increase in GPP when diffuse fraction moves from below 0.5 to above
0.5, w we calculated LUE across a broader range of diffuse fraction for z. below the
maxim unt of diffuse PAR for each site.

= ==3ail.the strength of the response between LUE and z. as well as the degree of variation
aroundgthis relationship varied between sites. Site-specific increases in LUE may be a result of
the W:&m{ canopy structure influences the distribution of light within the canopy [Cheng et
al., 20}8]. e distribution of leaf area and the location of gaps in a plant canopy control light
extinct d thus, how efficiently leaves absorb incoming PAR. Model simulations and field
measums demonstrate that different parts of the forest canopy contribute to total canopy

photos is when diffuse light changes [Knohl and Baldocchi, 2008; Urban et al., 2012].
Thus, characteristics can interact with above-canopy meteorological conditions to create
canopy micgclimates that change the effect of clouds and diffuse PAR on ecosystem
productivity.

y, across the range of z. where diffuse PAR decreases, LUE increases with z., as
expect wh declines in PAR (Fig. 4 data to the right of the vertical dashed lines). In addition,
LUE 0 increase with z; because clouds can improve water and temperature conditions for
photos is [Urban et al., 2007]. Importantly, we found that the rate of increase in LUE
under optically thick clouds is one order of magnitude smaller than under optically thin clouds,
whe se PAR increases with z.. Overall, these results suggest that clouds can increase LUE
in plan pies through increases in diffuse PAR.

Author
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Fig. MQ the peak growing season (average start date and length listed in Table 1), light use
efficiency (gross primary production per unit total PAR) increases with cloud optical thickness
(z.) at ® Howland Forest, b) Mead, ¢) Morgan Monroe, and d) UMBS. The vertical dotted line
represents the z. where the maximum diffuse PAR occurs at each site (see Fig. 1). The peak
growion only covers a portion of time from May through September, which are shown in
Figs. 1afe dashed regression line in Fig. 4b indicates a relationship that is not significant

(NS; p ). Solid regression lines shown in all panels indicate relationships with p < 0.01.
3.3 7. gnd GPP

ite the positive relationship between optically thin clouds and LUE, we found no
signifi lationship between 7. and canopy GPP at any of the sites while diffuse PAR
increa 0.05) (Fig. 5). This likely occurs because the decrease in total PAR is greater than

the increaggein diffuse PAR at these sites (Figs. 3 and Supplementary Information Figure S3).
Althﬁ}tes use light more efficiently under optically thin clouds, the increase in LUE is not
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large enough to compensate for the decrease in total PAR that occurs under optically thin clouds.
In addition, we observed that GPP decreases above the 7. where the maximum amount of diffuse
PAR occurs (Fig. 5).

Some studies using diffuse light as a proxy for cloud conditions have concluded that
clouds do not increase total canopy productivity [Alton, 2008; Alton et al., 2005; Knohl and
Baldocghi, 2008], while others find support for ecosystem productivity being highest under a

mod ount of cloud cover [Min and Wang, 2008; Rocha et al., 2004]. By using satellite-
derive r results empirically demonstrate that optically thin clouds do not correlate with any
net ch cosystem productivity. The up to 5% decrease in cloud cover observed from

satelljtesduring 1984-2007 over the contiguous U.S. [Sun et al., 2015] is thus, unlikely to have
affecteg the global carbon sink if those changes in cloud cover occurred within a 7, < 7.

the lack of increase between GPP and low z;, our study suggests that the diffuse
light emom optically thin clouds may not be a significant driver of GPP at regional or global

scales. rtantly, however, one limitation of our analysis is that we were only able to retrieve
7. at migl-gmy when the effect of diffuse PAR on GPP is smallest in temperate ecosystems [Cheng
etal., The effect of 7. on GPP could be stronger at larger zenith angles or in ecosystems

angles foung@ in Cheng et al. [2015] could be independent of cloud conditions, given that diffuse
PAR levels are also higher at larger zenith angles [Earl et al., 2012]. In addition, MODIS
Collecml data only retrieve 7. for pixels assigned as overcast [Otkin and Greenwald, 2008].
There of GPP to clouds could be higher under locally partly cloudy skies (within 3x3
km?) if@ located under clear skies receive diffuse light from nearby clouds [Law et al.,

Iocatedﬁher latitudes. However, the larger effect of diffuse light on GPP at larger zenith

2002]. I, our results indicate that the effect of clouds on ecosystem carbon processing

through dittuse light is smaller than what was previously concluded from studies that used
difﬂ@data as a proxy for cloud cover.

—
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Fig. 5. @mmmg the peak growing season, there is no significant relationship between cloud optical
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and gross primary production (GPP) within the site-specific range of z. where
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imum diffuse PAR at each site. Dashed regression lines indicate non-significant
relatioqships (NS; p > 0.05). Solid regression lines are drawn for relationships with p < 0.05.
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study, we quantify the effect of cloud conditions on surface light and ecosystem
rmine the consistency of these relationships across ecosystems with different

ures. We evaluate the use of satellite retrievals of globally available z. to directly
ect of clouds to the previously identified positive relationship between diffuse PAR
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and GPP. Our study expands on previous work by using direct measurements of diffuse PAR and
satellite-derived 7. at several ecosystems instead of using proxies for diffuse light and categories
of sky conditions.

We show that only optically thin clouds lead to increases in surface diffuse PAR, while
total PAR decreases. In addition, optically thick clouds decrease amounts of both diffuse and
total PAR eqgtering plant canopies. Specifically, we define a threshold value of z; = 6.8 as the z,
wherE‘l‘I‘I‘I‘USe PAR fluxes peak. Moreover, this value is relatively consistent across the
ecosys e studied. Across the range of z. where diffuse PAR increases, LUE in forest and
maize m increases at a higher rate than at larger cloud optical thicknesses when diffuse
PARdggreases. However, the increases in LUE under optically thin clouds were too small to
compegsate for the decreased fluxes of total surface light that occur below the 7z, where diffuse

PAR p ™As a result, low 7. has no discernable net influence on GPP over the growing season.
Despitg®fin®ing no net effect of optically thin clouds on GPP, our study provides observational
eviden the processes that link atmospheric light conditions to ecosystem carbon uptake.
This pr further examination of how clouds and other drivers of LUE, such as water stress
and numvailability, interact to alter ecosystem LUE and GPP. For example, if plants are

in diffuse light that occurs under optically thin clouds.

verall, satellite measurements and eddy covariance data show that satellite-derived z.
can be 0 estimate the range of cloud conditions that increases surface diffuse light and
GPP. sshing this relationship between diffuse PAR and z. allows for predictions of surface
diﬁuse@where ground-based measurements are unavailable. In addition, because z. accounts

water sSd or nutrient deficient, plants may not be able to take full advantage of the increase

for thelgcttdring and absorbing properties of clouds, the use of satellite-derived z. allows us to
directly link cloud properties to diffuse PAR and GPP. Using these two datasets, our results

pro Idence that optically thin clouds do not increase ecosystem GPP. However, optically
thick ¢ reduce the amount of diffuse and total PAR available for plant canopies and
subs lead to a decrease in GPP. These results suggest that the diffuse light effect from

clouds is not as strong of a driver of regional or global ecosystem productivity in temperate
ecosysgems during the mid-day as previously suggested in other studies. We also conclude that

there i strong relationship between optically thin clouds and climate through diffuse light
and th n cycle. However, the decreases in diffuse and total light under optically thick
clouds remain an important effect on climate, especially if changes in climate cause clouds

relatiofships between z., diffuse PAR, and GPP, we provide insight into how changes in

to beco ore optically thick in the future. By empirically linking and quantifying the
oﬁconditions alter radiation regimes for terrestrial ecosystems to use for carbon

atm
upta
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