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Abstract

Loblolly pine trees (Pinus taeda L.) occupy more than 20% of the forested area in the southern United States, rep-
resent more than 50% of the standing pine volume in this region, and remove from the atmosphere about
500 g C m~2 per year through net ecosystem exchange. Hence, their significance as a major regional carbon sink
can hardly be disputed. What is disputed is whether the proliferation of young plantations replacing old forest
in the southern United States will alter key aspects of the hydrologic cycle, including convective rainfall, which
is the focus of the present work. Ecosystem fluxes of sensible (H,) and latent heat (LE) and large-scale, slowly
evolving free atmospheric temperature and water vapor content are known to be first-order controls on the for-
mation of convective clouds in the atmospheric boundary layer. These controlling processes are here described
by a zero-order analytical model aimed at assessing how plantations of different ages may regulate the persis-
tence and transition of the atmospheric system between cloudy and cloudless conditions. Using the analytical
model together with field observations, the roles of ecosystem H; and LE on convective cloud formation are
explored relative to the entrainment of heat and moisture from the free atmosphere. Our results demonstrate
that cloudy—cloudless regimes at the land surface are regulated by a nonlinear relation between the Bowen ratio
Bo = H/LE and root-zone soil water content, suggesting that young/mature pines ecosystems have the ability
to recirculate available water (through rainfall predisposition mechanisms). Such nonlinearity was not detected
in a much older pine stand, suggesting a higher tolerance to drought but a limited control on boundary layer
dynamics. These results enable the generation of hypotheses about the impacts on convective cloud formation
driven by afforestation/deforestation and groundwater depletion projected to increase following increased
human population in the southeastern United States.
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Introduction

The southern United States, particularly its southeast-
ern (SE) region, includes some of the most intensively
managed forests worldwide (Hansen et al., 2013). Cur-
rently, planted pines are at some 14 million hectares,
occupy about 20 percent of the entire forested area of
the southern U.S. Loblolly pines (Pinus taeda L.), and
represent more than 50% of the standing pine volume
within the SE (Little, 1971; Baker & Langdon, 1990).
There is also broad agreement within the FluxNet
records complemented by several model calculations
and biometric estimates that these pine plantations
contribute to the removal of around 500 g C m~2 per
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year as net ecosystem CO, exchange with the atmo-
sphere (e.g. Schafer et al., 2003; Churkina et al., 2005;
Siqueira et al., 2006; Stoy et al., 2006ab; Friend et al.,
2007; Noormets et al., 2010; Novick et al., 2015).

Current economic models predict an increase in pine
plantation area within the SE by industry and private
owners, in part due to federal policies aimed at reduc-
ing timber harvesting from western forests (Wear &
Greis, 2012) and more recently to the potential use of
coarse woody debris after harvest as biofuel (Frederick
et al., 2008; Wear & Greis, 2012). Over the last 50 years,
this expansion primarily replaced natural and thus
older pine forests (together with mixed hardwoods
and wetlands) with younger and faster growing
Loblolly pines. Given the projected regional scale of
this land-cover change, future water resources planning
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for the SE cannot ignore the rapid areal expansion of
pine plantations (Jackson et al., 2008), including the
possibility that such changes may alter the hydrologic
cycle, including the precipitation regime. Age-related
differences in evapotranspiration (ET) between old and
young trees can in fact be significant: the mean ET of a
35-year-old pine forest located in the Piedmont region
of North Carolina (NC) is estimated in this study to be
640 4+ 40 [mm yr‘l], and for similar climatic conditions,
younger pine plantations in NC revealed much higher
ET fluxes. Specifically, Stoy et al. (2006a,b) and Domec
et al. (2012) reported values of 753 + 125 and 980 + 46
[mm yr~!] for a 19-year and 5-year-old Loblolly pine
stands, respectively, in NC.

The main precipitation mechanism likely to be
impacted by any large-scale land-cover changes is con-
vective rainfall. In the SE, this type of rainfall occurs
mostly during the growing season and is sensitive to
alterations in ecosystem level heat and moisture
exchange rates (Juang et al., 2007a,b) when they occur
on spatial scales much larger than the boundary layer
height (~1000-2000 m). Changes in vegetation age, for
example, due to typical clear-cut rotations every 20—
25 years, alter vegetation structure, including canopy
leaf area, and thus affect the hydraulic control of vege-
tation on transpiration, leading to changes in the parti-
tioning of sensible and latent heat fluxes at the land
surface. In addition, the projected increase in human
population can increase groundwater depletion, thus
altering the ecosystem fluxes of moisture, especially in
coastal regions where root water uptake mechanisms
rely on a shallow water table (Domec et al., 2012;
Manoli et al., 2014; Bonetti et al., 2015).

While there is consensus on the coupling between
root-zone soil moisture and precipitation (Salvucci
et al., 2002; Findell & Eltahir, 2003; Koster ef al., 2004;
Wu et al., 2007; Wei et al., 2008), the debate continues
on the pathways by which this coupling is achieved
(Guillod et al., 2015). The aforementioned coupling
remains an issue because of the numerous nonlinear
feedback mechanisms between soil moisture content,
ecosystem level heat, and moisture exchange rates, and
the slowly evolving large-scale free atmospheric (FA)
states existing above the atmospheric boundary layer
(ABL). Moreover, the role of biotic factors controlling
the ecosystem fluxes of sensible Hy and latent LE heat
in pine plantations vs. abiotic controls associated with
large-scale entrainment of heat and water vapor
(Siqueira et al., 2009; Taylor et al., 2012; Williams et al.,
2012) must be addressed. To date, these issues are
investigated by climate (e.g. Williams et al., 2012), land
surface (e.g. Maxwell et al., 2007; Kollet & Maxwell,
2008; Sanchez-Mejia & Papuga, 2014; Bonetti et al.,
2015), and atmospheric (e.g. Ban-Weiss ef al., 2011)

models attempting to capture the full complexity of the
ABL processes including radiative transfer, turbulence,
cloud micro-physics, and evapotranspiration. In paral-
lel, it has been shown that zero-order mixed-layer
dynamics reasonably describe the diurnal evolution of
the ABL (Tennekes, 1973; Tennekes & Driedonks, 1981;
Driedonks, 1982; Kim & Entekhabi, 1998; Pino et al.,
2006; Stevens, 2006; Porporato, 2009; Schalkwijk &
Jonker, 2013), thus prompting interest in their potential
use for the problem at hand.

The main objective of this study is to delineate the
free atmospheric (FA) states for which biotic processes
within pine plantations exert a significant control on
convective cloud formation. Specifically, we aim at
deriving a zero-order model for SE pine plantations
that describes the transition between cloudy and
cloudless regimes accounting for biotic (associated with
soil-plant controls on Hs and LE) and abiotic controls
associated with FA sources. It is envisaged that with
such a model, the impact of major land-cover transfor-
mations, such as the expansion of pine plantations
(along with their age-related changes) in the SE, on con-
vective rainfall occurrences could complement other
assessments for albedo effects, carbon sequestration,
and warming potential. Cloud formation could also
provide interesting ecophysiological feedback mecha-
nisms, reducing incoming radiation and thus photosyn-
thesis, temperature, and temperature-dependent
processes like respiration.

The focus here is on convective cloud formation as
defined by the crossing between the ABL height and
the lifting condensation level (LCL). While convective
rainfall is not the only rainfall mechanism in the SE
(Ramirez-Cobo et al., 2011), it does contribute to a sig-
nificant portion of the summertime rainfall, when the
productivity of Loblolly pine plantations is highest
(Juang et al., 2007a). With regard to the cloud formation
mechanism, a crossing between ABL height and LCL
determines the formation of shallow stratocumuli
(Stevens, 2006) and represents a necessary (although
not sufficient) condition for initiating convective rain-
fall (Juang et al., 2007a,b). When LCL and ABL do
cross, several other conditions must be satisfied to initi-
ate convective rainfall. However, clear-sky conditions
(and thus no rain) are certain when the ABL does not
cross the LCL. In other terms, this work does not
attempt to describe all the processes involved in rainfall
triggering, but focuses on the minimum necessary con-
ditions that must be satisfied to establish cloud forma-
tion and predisposition to convective rainfall. This
minimum set of conditions can be explored with a slab
ABL model and associated temperature and humidity
budgets in the atmosphere (Juang et al., 2007a,b;
Siqueira et al., 2009; Konings et al., 2010; Bonetti et al.,
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2015). The ‘metric of success’ is whether cloud forma-
tion can be described from FA conditions and minimal
parametrization of the biotic controls on ecosystem H;
and LE (or their ratio) in Loblolly pine plantations vary-
ing in age and canopy structure within the SE.

Materials and methods

Study sites

To investigate biotic controls on convective cloud formation,
data from four Loblolly pine plantations are considered as
case studies (see Figs 1 and 2 and Table 1). The first site is
a 22-year-old stand (at the time of data collection, in 2005)
situated within the Blackwood division of the Duke Forest
near Durham, North Carolina (US-Dk3 in the Ameriflux
database). The second is also a plantation (established in
1992) situated in the lower coastal plain of North Carolina
(US-NC2 in the Ameriflux database). The two sites were
selected for (i) the availability of sounding data from nearby
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airports and (ii) their similar characteristics (same pine spe-
cies, similar climate) but different soil types and water sup-
ply to the roots. The soil texture is mostly clay at the Duke
Forest site (Juang ef al.,, 2007b) but is predominantly Bel-
haven series histosol over coarse sand at the Coastal site
(Domec et al., 2012). The rooting depth at the Coastal plan-
tation site is 2 m , which is much deeper than the rooting
depth at the Duke Forest pine plantation site where the
root-zone depth is restricted to around 0.3 m (Oren et al.,
1998) due to the presence of a hard clay pan. The deep
rooting depth at the Coastal site allows direct access to the
water table (between 1 and 2 m below the soil surface) as
discussed elsewhere (Noormets et al., 2010; Domec et al.,
2012; Manoli ef al., 2014). Details on the location, experimen-
tal setup and data collection procedures are described else-
where (Stoy et al., 2005; Juang ef al., 2007a; Sun et al., 2010;
Domec et al., 2012). Both sites were instrumented with Eddy
covariance systems and soil moisture sensors.

To evaluate the role of stand age on the partitioning of sur-
face energy fluxes, two additional sites have been considered:
a Young and an Old plantation (Fig. 2). The Young plantation

Loblolly pine distribution
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Fig.1 Geographic distribution of Loblolly pines (Pinus taeda L.) in the southeastern USA (source: Little 1971) and location of the study
sites (a). The sites are located in North Carolina, two in the Piedmont region (Duke Forest, Old plantation), and two in the Coastal
region (Coastal site, Young plantation). Atmospheric parameters (temperature and specific humidity lapse rates y, and v,) observed at
the GSO airport (b, ¢) and at the MHX airport (d, e) during summer and winter periods.
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Fig. 2 Characteristics of the study sites and the interpretation of the multisite experiment: (a) soil texture, stand age, and (b-g) sum-

mertime (i.e., June-September) hydro-meteorological conditions. Temporal evolution (Time of Day, TOD) of (b) air temperature (T,),
(c) incoming shortwave radiation (Rs), (d) net radiation (R,), (e) vapor pressure deficit (VPD, not available at the Coastal site/Young
plantation), (f) Bowen ratio (Bo), and (g) relative frequency of soil water content (SWC) measured at the sites. In panels, b—f circles and
squares represent ensemble averages for the study sites described in panel a (Coastal and Piedmont region, respectively), while solid
lines are the ensemble averages =+ a standard deviation. Dotted lines in panels b—f illustrate daytime conditions as defined in this
study. The Young/Old plantation are used here as a chronosequence to evaluate age-related changes in the SPA conditions while the
Coastal site/Duke Forest are used to evaluate the role of edaphic conditions.

(US-NC1 in the Ameriflux database) is near the Coastal site (4
km apart): it is an early rotation plantation that was clear-cut
in 2004 and replanted in 2005 with 2-year-old loblolly pine
seedlings. The dense understory during the first 2 years
(2005-2007) was primarily composed of Rubus ursinus
(blackberry), Smilax rotundifolia (greenbrier), and Eupatorium
capillofolium (dog fennel) and reached a height of 2 m in 2009
(Domec et al., 2012b). The soil is classified as Cape Fear Series
fine, mixed, semiactive Typic Umbraquult. Eddy Covariance
datasets and soil water content measurements were col-
lected at the site as described elsewhere (Noormets et al., 2010;
Sun et al., 2010; Domec et al., 2012b). The Old plantation was a

35-year-old pine forest in the Piedmont region of North Caro-
lina (NC), near the Duke Forest site (approximately 30 km
northwest of the first study site). The Old stand was character-
ized by deep roots (~2 m deep) and a sandy loam soil (Oishi
et al., 2013), the understory was thinned in 1993 and 1998, and
the canopy was quite sparse with a maximum LAI around 2.0
[m2 m~2], compared to ~5.8 [m? m~2] at the Duke Forest (see
Table 1). Eddy covariance fluxes of sensible and latent heat
were observed from 2003 to 2005 using an open-path gas ana-
lyzer (LI-7500; Li-Cor Biogeosciences, Licoln, NE, USA) and
CSAT-3 sonic anemometer (Campbell Scientific, Logan, UT,
USA) at a height of 33 m. Ancillary meteorological data

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13221
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included air temperature and relative humidity (HMP35C,
Vaisala, Vanta, Finland), net radiation (CRN-4, Kipp & Zonen,
Delft, the Netherlands), and photosynthetically active radia-
tion (PAR, LI-190; Li-Cor). Data processing and quality control
procedures are the same as those applied to the data from the
22-year-old site, as described in Stoy ef al. (2006a,b). Root-zone
soil moisture was also measured at the site (Oishi et al., 2013).
Further information on the Old plantation site can be found in
Oishi et al. (2013). A summary of the characteristics of each
study site is provided in Table 1. Here, we used measure-
ments from 2003 to 2005 for the Duke Forest and the Old plan-
tation, from 2007 to 2008 for the Coastal site, and from 2006 to
2009 for the Young stand.

The measurements from these sites are interpreted as fol-
lows: the Young plantation, the Coastal site, and the Old plan-
tation are treated as a chronosequence so as to investigate the
impact of tree age on partitioning of surface energy fluxes for
similar soil texture conditions. We also use the Duke Forest
and Coastal site of similar age to evaluate the role of different
edaphic conditions on the partitioning of surface energy fluxes
at a comparable age near-maximum productivity (Fig. 2a).
The sites are all located in the same region and such site-inter-
comparison is performed to explore a wider range of variabil-
ity in terms of both soil and age characteristics. The
chronosequence is defined here as pine stands (same species)
with different ages, but not necessarily located in the same
location. They have comparable hydro-meteorological condi-
tions and soil texture characteristics. As a matter of fact, a
comparison of daytime ensemble averages of air temperature,
incoming shortwave radiation (R;), net radiation (R,), and
vapor pressure deficit (VPD) during summertime (i.e., June—
September) demonstrates that the four study sites have statis-
tically indistinguishable climatic conditions despite differ-
ences in geographic location and monitoring periods (Fig. 2b—
e). Only minor differences in R, among sites can be noted,
and the influence of such differences on the model results is
discussed in the next section. Also, while soil horizons differ
at the study sites, root-zone soil hydraulic properties at the
Young, Coastal, and Old sites are assumed here to be compa-
rable: the soil type at the Young and Coastal plantations is
organic matter over sandy loam (Domec et al., 2012b) in the
top 60 and 90 cm, respectively (i.e., where most of the roots
are), similar hydraulic conductivities have been estimated for
both sites (Diggs, 2004), and the estimated values are consis-
tent with the typical hydraulic parameters of sandy loam (Old
plantation). Possible implications of this assumption are dis-
cussed in the next section. Given the comparable climate, the
Duke Forest/Coastal site are therefore chosen to evaluate the
role of edaphic conditions (represented here by a clear differ-
ence in soil texture) on cloud formation mechanisms (Fig. 2a)

Daily midday sounding data from Greensboro (GSO) and
Morehead /Newport (MHX) airports were used to estimate
FA parameters at the Duke Forest/Old plantation and
Coastal site/Young plantation, respectively. The temperature
and specific humidity lapse rates y, and Yq Were estimated
using a linear regression analysis applied between
z € [500, 5000] m. The datasets are divided into summer
(June-September) conditions, when convective clouds are

Sun et al. (2010); Domec et al. (2012)b)

Reference

Stoy et al. (2005); Juang et al. (2007a)
Domec et al. (2012b)

Oishi et al. (2013)

430 + 83
460 + 110

Ry [Wm™2]
440 + 99
468 + 85

LAlLnax
[m? m~2]
5

41%

2

1.9
0.9%

depth
2.0

Root
[m]
0.3

Ultisol/Sandy loamf

Histosol/Sandy loam*
Sandy loam

Soil type
Clay

2003-2005
2007-2008
2006-2009
2003-2005

Data

Stand
age
[year]
22
15
2-5

5

Durham, NC (USA)
Plymouth, NC (USA)
Plymouth, NC (USA)
Alamance County,
NC (USA)

Location

Table 1 Study sites: location, tree age, soil type, rooting depth, maximum leaf area index (LAIn.«) and mean daytime (i.e., averaged between 10 am and 6 pm) net radiation

(Ry) during the summer period
*Sandy clay below 0.9 mbs (meters below surface), tSandy clay below 0.6 mbs, {Measured in 2009.

Coastal site
Young plantation
Old plantation

Duke Forest

Site

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13221
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most common, and winter time (December-January) when
shallow convection is not likely to occur. The FA parameters
observed at the two sites are illustrated in Fig. 1. To estimate
cloudiness at the sites, the Crawford and Duchon factor
(Crawford & Duchon, 1999) is used as suggested elsewhere
(Choi et al., 2008) and is given by:
Rs

Cc=1 Ry’ (1)
where R is the incident solar radiative flux density at the sur-
face and Ry is the theoretical clear-sky incident flux density.
The diurnal evolution of Ry is estimated by selecting a refer-
ence clear-sky day for each month of the year (using observa-
tions from the Coastal site and Duke Forest for the Coastal
and Piedmont region, respectively). In this study, cloudiness
is estimated only for days with low friction velocity (1. < 0.4
[m s7!]) and no rainfall. These two filters are applied to select
days in which moisture advection in the atmosphere is not
likely to play a dominant role in the cloud formation mecha-
nism. Also, this u, threshold ensures that the ABL growth is
primarily driven by buoyant production of turbulent kinetic
energy instead of mechanical production (o u%). As the diur-
nal cycle of convection and cloud formation is of interest, daily
averages of measured variables (e.g., radiation, latent, and
sensible heat) are only calculated for daytime conditions (i.e.,
from 10 am to 6 pm).

Model formulation

The soil-plant-atmosphere (SPA) system is characterized by a
number of state variables. For the atmospheric component, the
following state variables are used: ABL height (1), ABL poten-
tial temperature (0), ABL specific humidity (), and LCL
height (£) all illustrated in Fig. 3. Assuming a linear profile of
potential temperature and specific humidity in the FA (Porpo-
rato, 2009), the lapse rates g and v, are then used to define the
FA state (Gentine ef al., 2013). In particular, the specific
humidity lapse rate regulates the gradient of water vapor at
the ABL top, thus controlling the entrainment of moist/dry air
from the FA (Konings ef al., 2010; Gentine et al., 2013; Bonetti
et al., 2015). The available energy (i.e., net radiation at the
canopy top, R,) is partitioned into latent (LE) and sensible
(Hs) heat fluxes depending on the Bowen ratio (Bo = H;/LE).
The dynamics of h, air temperature, and humidity depends
both on surface fluxes that are regulated by the soil-plant sys-
tem and the entrainment fluxes at the ABL top. The latter
fluxes are regulated by abiotic FA conditions that depend on
synoptic scale variations instead of local surface conditions.
The surface and FA regulations are encapsulated in the
parameters Bo, v4 and vy. It is to be noted that specifying Bo is
analogous to  specifying the evaporative fraction
EF = LE/R, ~ LE/(LE + H,) = (1 + Bo)™',  which s
common to the remote sensing and hydrology literature (e.g.
Kustas ef al., 1993; Porporato, 2009; Gentine ef al., 2013).

In the simplified SPA model, the following assumptions are
made: (A1) regional-scale convergence/divergence of heat
and moisture are neglected and only vertical exchange is

explicitly modeled; (A2) the ABL is well mixed; (A3) the Bo
and EF are constant during the growth of /1 each day but can
change from day to day; (A4) cloud formation can be approxi-
mated by the thermodynamic condition of saturation when
the ABL and LCL heights cross. Literature data suggest that
the Bowen ratio tends to remain nearly constant during mid-
day hours and for well-watered conditions (e.g. Brutsaert &
Sugita, 1992; Brutsaert & Chen, 1996; Brutsaert, 2005) because
Bo is insensitive to the atmospheric conditions for large values
of net radiation (Porporato, 2009). This is also confirmed by
field observations from the Duke Forest and the Old planta-
tion (Fig. 2f). Assumption A3 is therefore reasonable given
that the model is employed here to describe morning/after-
noon ABL dynamics under clear-sky conditions (i.e., when
available energy is high). The influence of water stress on Bo
occurs over longer time scales (i.e., day-to-day variations) and
is implicitly accounted for through the Bo dependence on soil
water content.

Assuming clear-sky net radiation varies according to a pre-
scribed parabolic function of time ¢ during the course of the
day due to the large incident shortwave contribution, an ana-
lytical solution of the diurnal evolution of the ABL height h
can be derived (Porporato, 2009) and is given by

1/2
h= %(1 +2B) - Rnmax - Bo(3tg — t) - 2 / B
= 3 Ppre(l—FBO)t% )

where fy is the time at sunrise, o < t < 24 is the time of day,
is the fraction of sensible heat flux entrained from the top of
the ABL (Tennekes, 1973), Rymax is the daily maximum net
radiation [W m™2], y, is the potential temperature lapse rate
[Kkm™'], p=1.29 [kg m3] is the mean density of air, and ¢, =
1005 [J kg! K~'] is the specific heat capacity of dry air at con-
stant pressure. With the above assumptions, potential temper-
ature and specific humidity in the ABL can be related to / as
(Porporato, 2009):

148
0 Yem'h+eFA (3)
q=", h+qra, (4)

where 6ga and gra are the intercepts of the potential tempera-
ture and humidity linear vertical profiles, respectively, and v,
is a lapse rate for the humidity at the top of the mixed layer
(Porporato, 2009):

;o 1 C
=3 {Y*’ T Yﬂ} ®)

where /. =245 x 107 [J K~!] is the latent heat of vaporization.
The LCL height £ is defined as (Stull, 1988)

R-6 Py
=" (==, 6
M, n<PLCL> ©)

where R = 8.314 [J mol~! K™!] is the universal gas constant, ¢
is the gravitational acceleration [m s2], M, is the molecular
weight of air (~29 g mol™"), P [kPa] is the atmospheric pres-
sure at the canopy surface, and Picp. [kPa] is the atmospheric
pressure at height £, given by (Stull, 1988):

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13221
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Fig. 3 Conceptual model: Soil-Plant-Atmosphere (SPA) system and potential temperature/specific humidity profiles (a). Diurnal vari-
ations of (b) latent and sensible heat fluxes for Bo = 0.2, Rymax = 600 [W m~2], y, =4.0 x 1073 [K m~'], ¥y, =—5.0 x 107 [kg kg™! m~!]
and (c) modeled ABL and LCL height. The ABL-LCL crossing is indicated by the dots in panel (a, d). A comparison between modeled
and observed pressure at the LCL during June-July 2003 (GSO data) and 2007 (MHX data) is also shown (panel d).

AN
PrcL = Ps 3 ) 7)

where Orcp [K] is the saturation temperature at height £
derived from the Clausius—Clapeyron equation as (Stull,
1988):

2840

3.5-In(0) — 1n( 27

s
0.622+r

O cL = + 55, (8)

) ~7.108

where the near-surface atmospheric water vapor mixing ratio
is r = q, and q is given by Eqn (4). Equations (2)—(8) provide a
coupled description of ABL and LCL diurnal dynamics of the
state variables {h(t),0(t),q(t), L(t)} once the external condi-
tions are specified through I' = {Rumax,Vs:Yq}- The Bo
encodes all the eco-physiological and soil-plant hydraulic con-
trols on land-surface fluxes and is thus expected to vary, at
minimum, with root-zone soil moisture. As an example, the
modeled diurnal variations of surface energy fluxes and ABL
and LCL heights are illustrated in Fig. 3b, c for a given set of

parameters (Bo = 0.2, Rymax = 600 [W m™2], vy = 4.0 x 1073
[K m~'], and Y = —5.0 x 107 kg 1<g’l m]). A comparison
between observed (from sounding data) and modeled P; ¢y, is
also shown (Fig. 3d) to assess the LCL calculation. The evalua-
tion was performed using June-July observations from both
GSO and MHX airports.

Cloud formation

Assuming that the crossing of the lifting condensation level £
and h results in the formation of convective clouds, we intro-
duce the function:

At,T)=h—-L, 9)
and define a cloud formation criterion as:
8 =sgn(A(t,T)), (10)

where sgn(.) is the sign function (i.e., sgn(x) =1 when x > 0
and sgn(x) = —1 when x < 0). Here, when h > £, § =1 and

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13221
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convective clouds develop at the ABL top. Conversely, clear-
sky conditions occur when i < £ or § = —1. Eqn (10) provides
a measure of cloudiness and A(f, I') = 0.0 (a surface in the
space of the model external parameters) represents the transi-
tion from cloudy to cloudless conditions. Equation (9) can be
solved numerically for t to derive the time of day f. at which
ABL and LCL cross, that is, t. = t|{A(t,I') = 0,t) <t < 2%,.
The value of f. represents the time of cloud occurrence and
is relevant for practical applications (Gentine et al., 2013).
Alternatively, by noting that during a clear-sky day A(t,
I') < 0Vt < 24y, the daily predisposition of the system to con-
vective clouds can be described by A(2ty,I') > 0. The solu-
tion for t = 2ty is first presented and compared with the
field measurements, then the time of cloud occurrence is
discussed.

Results

Bowen ratio and cloud formation

The study ecosystems were predisposed to experience
convective precipitation during the growing season,
but not the dormant season, as illustrated in Fig. 4.
The transition surface between cloudy (6 =1) and
cloudless conditions (6 = —1) as a function of surface
fluxes (Bo) and the FA parameter Yqr that is, the

Duke Forest (GSO data)
x 1076

‘ " - Cloudy (5=1)

(@

Cloudless (6 =-1)

1 2

Bo [-]

Yq kg kgt m=1]

(b)

solution of A(2f),I') =0, is compared with the
observed land-FA states at the two plantation sites
during summer and winter conditions (but at different
years). During the summer period, the data are clus-
tered within the ‘cloudy’ region, and cloudiness tends
to increase with distance from the manifold described
by A = 0 confirming the predisposition of both ecosys-
tems to initiate convective clouds (as demonstrated by
several studies (Juang et al., 2007a; Konings et al., 2010;
Bonetti et al., 2015)). To the contrary, due to the reduc-
tion in transpiration rates and evaporative fraction
(higher Bo), winter conditions are not as likely to initi-
ate convective clouds. The results in Fig. 4 are qualita-
tive and not intended to capture all daily occurrences
of fair-weather shallow cumuli. However, it can be
safely stated that the results in Fig. 4 do provide a met-
ric capable of determining ‘predisposition” of ecosys-
tems to initiate shallow convection — which is the
necessary (but not sufficient) condition for rainfall
occurrences.

Soil moisture and the Bowen ratio

In Fig. 5, sensible (H;) and latent (LE) heat fluxes mea-
sured at the two sites and the corresponding values of

Coastal site (MHX data)

x 1076
0
e @ C[-]
oo
) 0.6
4 03
» All summer data
-6 Convective conditions
0.0
Cl-]
0.6
0.3
= All winter data
-6 Convective conditions
0.0
-8
0 1 2 3
Bo []

Fig. 4 Land-atmosphere conditions observed at Duke Forest and the Coastal site during summer (a, b) and winter (c, d). The solution

of Eqn (9), indicating the transition from cloudy to cloudless conditions, is also shown (solid lines). Summer and winter runs with

Rymax = 600 W m~2 and Rymax = 300 W m~2, respectively, and mean summer and winter values of v, extrapolated from Fig. 1c, e.

The datasets were filtered to account for convective conditions only (see main text). All data points are shown for reference (gray dots).
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(b) Coastal site (MHX data)
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Fig. 5 Relation between surface energy fluxes (sensible heat H; and latent heat LE normalized by net radiation R, as in Juang et al.
(2007b) and Bowen ratio Bo) and soil water content (SWC) observed at Duke Forest (a, ¢, ) and the Coastal site (b, d, f). The inset in
panels (e) and (f) illustrates the relative frequency of soil moisture content during the summer months (bar plot) and the curvature K of

#Bo

oBo

the Bo—SWC relation (black line). Curvature is defined as: K = |

the Bowen ratio have been plotted against measured
root-zone soil water content (SWC). To minimize the
effect of temperature, leaf area index (LAI) variations
and precipitation on Bo, a subset of the data is con-
structed by selecting the following conditions: (i) no
rain, (i) T, > 10°C, and (iii) LAI > 0.95 LAl
where LAl is the maximum LAI observed during
the year. The first condition is needed because mea-
sured Bo is not accurate during and immediately fol-
lowing rain events (due to eddy covariance sensor
wetness). The second condition ensures that the maxi-
mum carboxylation capacity of the pine foliage is suffi-
ciently large so as to allow photosynthesis (and
transpiration) to be significant (e.g., for T, < 8°C, mea-
sured leaf photosynthesis for Loblolly pines is quite
small (Katul et al.,, 2010)). The third condition is
selected for two reasons: to ensure that LAI dynamics
are quasi-stationary (and near their maximum for sum-
mertime convective rainfall analysis) and to ensure that
the forest floor evaporation is sufficiently small when
compared to plant transpiration so that LE is primarily
dominated by biotic factors (i.e., transpiration). The
results in Fig. 5 provide a clear (albeit empirical) rela-
tion between Bo and SWC that is well approximated by
a power law:

zswel |1+ Gswe

)2] —3/2.

Bo(SWC) = a - SWC ™" + Boy, (11)

where a and b are parameters that depend on soil and
vegetation characteristics and Bo,, is the Bowen ratio
under well-watered conditions. These parameters
clearly encode abiotic (e.g soil type) and biotic (e.g.,
plant water use efficiency) factors that can be linked to
soil-plant hydraulics and ecophysiological properties
by a number of mechanistic models with varying
degrees of complexity (e.g.Williams et al., 1996, Tuzet
et al., 2003; Siqueira et al., 2008; Manoli et al., 2014).
However, for analytical tractability, the empirical
Bo—SWC relation (Eqn 11) is used to illustrate how
rooting depth and soil type (both coordinated in rela-
tion to climate (Guswa, 2008) and lumped in the
parameters a and b) impact land surface energy fluxes.
Figure 5e, f demonstrates that a power law well rep-
resents the Bo—SWC observations at both sites. Such a
relation bridges the complexity of root water uptake,
stomatal regulation, and photosynthetic processes
occurring within the SPA system and is consistent with
observations from other ecosystems (Eltahir, 1998). The
Duke Forest site exhibits an increase in Bowen ratio
(i.e., transpiration becomes water-limited) at higher
SWC values compared to the Coastal site, due to the

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13221
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clay soil texture and limited root-zone depth.
Interestingly, at both sites, the mode of the SWC during
summer conditions is close to the maximum curvature
Ko | % | of the Bo—SWC relation (insets in Fig. 5e—
f). The mode of SWC can be interpreted here as the
‘operational” SWC pines experience most frequently.
Despite the different soil types, the results in Fig. 5
demonstrate that the ‘operational’ summertime SWC of
both ecosystems is close to, but slightly larger than the
maximum value of the curvature K and for large SWC
the Bowen ratio stabilizes at Bo ~ 0.3 (i.e., % = 0).
The maximum K curvature signals where a decrease in
SWC induces a steeply increasing change in sensible
heat flux (positive) and in latent heat flux (negative)
due to the onset of soil water stress. These results
suggest that both ecosystems maximize soil water use
while minimizing Bo so that much of the available
energy R, is consumed in ET. When soil moisture decli-
nes so that Bo is no longer at its minimum, the increases
in Hy and the maintenance of a reasonably high ET pro-
mote conditions conducive to convective rainfall occur-
rences. In other words, when mild soil moisture stress
occurs and the root system cannot access additional
water on short time scales relative to the root-growth
time scales, these plantations appear to operate near a
point where mild water stress conditions can favor
rainfall predisposition. That is, on a short term (few
days), this predisposition to rainfall may buffer against
the onset of a persistent drought. These results agree
with existing theories of a temporally positive and spa-
tially negative soil moisture-precipitation feedback
(Guillod et al., 2015) and suggest some causal relation
between dry and wet soil conditions. Here, we postu-
late that vegetation has the ability to passively ‘switch’
soil conditions from dry to wet states by sustaining
convective precipitation also during dry soil conditions
(negative coupling). This self-regulation mechanism
coexists with the positive temporal correlation between
ET and precipitation and can be partly attributed to
stomatal control and leaf-level processes rather than
root water uptake mechanisms. However, despite the
active role of vegetation in the moisture recycling at the
local scale, the generation of convective rainfall
depends on ABL/LCL dynamics and regional moisture
and pressure gradients (Katul et al., 2012), rendering
the vegetation-mediated feedback a secondary
influence.

Soil moisture and cloud formation

The relation between surface energy fluxes and SWC
reveals the role of soil conditions initiating cloud for-
mation. Equation (11) can be used together with
Equation (9) to define the cloud formation criterion as

a function of soil moisture, that is, A(2ty, Iswe) > 0,
where I'gye = SWqu,yT. The empirical Bo-SWC rela-
tion thus provides a cloudy—cloudless transition
surface for different soil and FA conditions (by solv-
ing A(2tg, I'swe) = 0 for yq). The results are illustrated
in Fig. 6. For wet soil conditions, cloud formation can
occur over a wider range of atmospheric parameters
(with respect to dry conditions) due to the larger
amount of water vapor transpired by vegetation
(consistently with the results in Siqueira et al. (2009)).
As the soil becomes drier, the moisture flux from the
surface decreases (due to hydraulic controls) and shal-
low cumuli can form only if there is enough moisture
entrained from the top of the ABL. The effect of water
stress can be partly mitigated by a decrease in the
temperature lapse rate that shifts the transition
surface to lower values of v, (Fig. 6a, b). Note that
changes in the temperature lapse rate are expected as
a consequence of climate change and its role in the
predicted increases in precipitation extremes is well
known (O’Gorman & Scheider, 2009). Interestingly,
the FA parameters observed at the study sites are in
the range of values where changes in SWC can reduce
the probability of convective clouds formation.
However, for the period analyzed here, both
ecosystems are reasonably well watered and support
the formation of stratocumuli (as observed at the
sites).

Age-related changes in the SPA conditions

The role of stand age in regulating the surface energy
fluxes through the Bo—SWC relation is illustrated in
Figs 7 and 8. These figures feature energy and water
partitioning in the Young US-NC1 plantation, and in
the Old North Carolina Piedmont plantation. In the
Young plantation (2-year-old stand), the soil remains
relatively wet after planting, the understory evapora-
tion plays an important role (Domec et al., 2012b), and
stress conditions (increasing Bo) are observed for high
values of SWC due to the shallow rooting systems of
the young trees and the understory vegetation (Fig. 7).
As the pines grow, the Bo value under well-watered
conditions (Bo,,) remains constant, but the ‘operational’
summertime SWC shifts toward drier conditions
(Fig. 7e) approaching the maximum curvature of the
Bo—SWC (that also shifts toward low SWC values).
Stress conditions occur at lower SWC values as the root
system of the pines develop and understory transpira-
tion likely declines. Note that year 2007 and 2008 were
characterized by severe droughts (Domec et al., 2012b)
as demonstrated by the low LE (high Bo) observed for
the 3-year-old pines. By age 5, with more developed
root system and canopy, the Young plantation begins

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13221
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Fig. 6 Cloud formation surface (A = 0) compared with soil moisture and FA conditions (black dots) at Duke Forest (a) and the Coastal
site (b) during summertime. In panels (c) and (d), cloudiness observed at the two sites is also shown (color bar). The transition from
cloudy to cloudless conditions is illustrated by the cloud formation criterion & (cloudy for 6 = 1, cloudless for 6 = —1). The datasets
were filtered for convective conditions only (see main text). All data points are shown for reference (gray dots in panels c and d).

to exhibit Bo—-SWC patterns similar to both the older
Coastal and the Duke Forest sites. On the other hand,
the Bowen ratio of the Old stand (Fig. 7b, d, f) shows
little variations with the SWC and a much higher Bo,,
value as compared to the Young plantation (see ABo,,
in Fig. 7f). These results suggest that young pines (~
2-5 years old) appear sensitive to soil conditions when
compared to the Old stand (35 years old). With fully
developed root system, the water use in mature trees
appears limited only by their hydraulic conductivity
(Noormets et al., 2010). This results in their operating at
the verge of hydraulic failure, but regional hydrology
and site-level water recirculation mediated by vegeta-
tion provide sufficient moisture to sustain convective
precipitation in all but the oldest stand. The land sur-
face fluxes at the Old stand appear to be largely insensi-
tive to soil moisture variations, which also imply low
plant hydraulic conductivity and perhaps limited abil-
ity to recirculate available water (i.e., minimal K values,
see Fig. 7e—f).

During the growth process, we observe a shift of
summer SWC to dry conditions accompanied by a shift
of the Bo—SWC relation that preserves possible self-
regulation mechanisms (Fig. 8a, ¢). In other words,
despite apparent water stress and partial cavitation, Bo
and ET were maintained in a range conducive for con-
vective rainfall. The Old stand was less sensitive to
SWC variations (and drought) thus suggesting the

existence of a stable state where surface energy fluxes
are in equilibrium with the soil conditions via plant
regulation (Fig. 8b, d). For the Old plantation, the range
of SWC values that can influence cloud formation was
limited and restricted to very dry conditions (Fig. 8d).
These results suggest that in older stands (i) pines are
less sensitive to drought, (ii) the partitioning of latent
and sensible heat fluxes is weakly dependent on soil
conditions, and (iii) the FA state plays a major role in
triggering summer rainfall. Note however that a combi-
nation of low water holding capacity of the soil com-
bined with the low LAI (see Table 1) could be
contributing to the low evapotranspiration observed at
the very old plantation.

Delzon & Loustau (2005) reported a decline in tree
transpiration with age (for pines in the 10- to 91-year-
old range), consistent with the Bo changes observed at
the very old plantation. However, for the chronose-
quence in the Coastal region (i.e., Coastal site and
Young plantation, 5-18 year old), an increase has been
observed (Domec et al., 2012b) suggesting that transpi-
ration increases during the first stages of growth,
reaches the maximum at maturity and then declines
with further aging. In general, such age-related
changes while impacting transpiration do not alter
total ecosystem ET (Roberts, 1983; Delzon & Loustau,
2005), and as observed here, the LE fluxes are some-
what conserved.

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13221
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Fig. 7 Relation between surface energy fluxes and soil water content observed at the Young (a, ¢, e) and Old (b, d, f) plantations. The
dataset from the Young plantation is divided into three subsets: year 2006 (2-year-old trees, red circles/line), year 2007 (3-year-old trees,
blue circles/line), and years 2008-2009 (4- to 5-year-old trees, gray circle/black line). The inset in panels (e) and (f) illustrates the rela-
tive frequency of soil moisture content during the summer months (bar plot) and the curvature K of the Bo—SWC relation (black line).

Sensitivity analysis

Curvature K could be used as a metric of ecosystem
sensitivity to drought, assuming that variations in net
radiation across sites are small. Differences up to 20%
in net radiation (R,) between the Coastal site and the
Young plantations were reported (Sun et al., 2010)
based on monthly/yearly averages. However, when
considering summertime convective conditions only
(i.e., high LAI), these difference drop to 6.5% and 3.5%
for daytime (Table 1) and midday (Table 2) values,
respectively. While small, these differences can still be
attributed to age-related effects (e.g., changes in albedo
and LAI) not captured in K. The purpose of this sensi-
tivity analysis is to assess to what degree land-cover-
induced variations in Bo and R, impact land surface
fluxes. Given the simplified energy balance
R, = LE + Hj, the latent and sensible heat fluxes can
be written as LE = —& and H, = 11380 R,. The rela-
tive perturbation in the model output O (the surface
fluxes) due to perturbations in the input parameters P;

(Bowen ratio and net radiation) can be written as

%9 = Zig—g% to a leading order (Igarashi ef al., 2015),

resulting in

dLE  dBo  dR,

LE  1+Bo Ry’ (12)
dH, _ dBo dRy 13)
H; (14+Bo)Bo R,

The terms on the right side of Eqns (12) and (13) are
evaluated for the case studies considering measured Bo
and R, differences among sites and between dry and
wet soil moisture conditions (Table 2). The calculations
are reported relative to the Old plantation and the dry
state, respectively. The results demonstrate that pertur-
bations in net radiation (dR,) have a small (an order of
magnitude difference) impact on LE and H; variations
(~0-3%) compared to Bo changes (~8-16% for LE,
~11-23% for H). In 2009, the Young plantation
received only 0.2% less radiation than the Old stand so
that the changes observed in Fig. 7 can be entirely

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13221



(a) 10 Young plantation

Yq [kg kgt m1]

SPA CONDITIONS REGULATING CLOUDS 13

Old plantation

0 01 02 03 04 05
SWC[-]

Fig. 8 Cloud formation surface (A = 0) compared with FA conditions, Bowen ratio (a, b) and SWC (c, d) at the Young (a, ¢) and Old (b,
d) plantation during summertime. Colors in panels a and c refer to different stand ages as in Fig. 7.

Table 2  Sensitivity analysis: relative impact of Bo and R, perturbations on the differences in latent and sensible heat fluxes (a)
among sites and (b) between dry-wet conditions (relative to the Old plantation and the dry state, respectively) according to Eqns
(12) and (13). Mean midday (i.e., averaged between 11 am and 2 pm) net radiation (R;) values are considered in the calculations

(a) Site-Old plantation

(b) Dry—wet conditions*

: dB dBo dr, _ _ds ds dr,
Site B 1+]§0 [7%] (1+Bo)Bo [7] Ry (%] 1+Boo [%] (1+B(;))Bo (7] R (%]
Duke Forest 16.8 -23.4 -3.5 29.4 -33.8 -12.5
Coastal site 8.1 -11.3 3.3 47.0 -31.5 10.3
Young plantationt 16.3 —22.6 —0.2 29.5 —40.3 74
Old plantation - - - 3.9 -5.0 —6.7

*Dry conditions: SWC < 0.15 (0.08 for the Coastal site), wet conditions: SWC > 0.2; 12009 data.

attributed to age-related effects explained by Bo
(assuming similar soil texture and hydroclimatic condi-
tions). In general, the impact of Bo variations is stronger
on H; than LE, consistent with the observed key role of
Bo in regulating the growth of the ABL. As demon-
strated by previous studies, LE fluxes at the ecosystem
level are generally conserved (Roberts, 1983; Delzon &
Loustau, 2005) because changes in tree transpiration
with stand age are partly compensated for by the
understory contribution. The influence of Hs changes
on Bo thus play a major role in controlling ABL dynam-
ics. The results in Table 2 also show that the changes in
Bo between wet and dry conditions are higher than R,
perturbations for young/mature trees, but they become
comparable at the Old stand, confirming that old trees

are more tolerant to drought (Delzon & Loustau, 2005;
Domec et al., 2012b).

Discussion

The effect of vegetation on convective cloud formation

The results presented in the previous sections provide
one single measure to determine the ecosystem and FA
conditions initiating shallow convection over pine plan-
tation ecosystems. We have shown that the Bowen ratio
is regulated by complex land-vegetation feedback
mechanisms which depends on a plethora of both biotic
(plant hydraulic and stomatal conductance) and abiotic
(e.g., soil water availability) processes, effectively
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encoding the effects of land surface energy partitioning
on convective cloud formation. The analysis made use
of the fact that summertime variations in daytime
Bowen ratio (or evaporative fraction) are small when
compared to the fast dynamics of the ABL and day-to-
day variations in Bowen ratio mainly reflect soil mois-
ture stress on the soil-plant system. The conceptual
model in Fig. 3 can be quantitatively described by Eqn
(9) and used to determine how soil and vegetation feed-
backs ultimately impact boundary layer cloud forma-
tion (Fig. 9a-d). The same general mechanistic control
on convective cloud formation would hold in other
ecosystems and can be used to evaluate the effects of
land-use and land-cover change on regional water
availability as mediated by surface energy partitioning.
For example, a reduction in latent heat fluxes will result
in a delayed formation of clouds and decreased proba-
bility of convective rainfall events (Fig. 9). In contrast,
reforestation or transitions from very old natural pine
forests to young fast growing plantations (as being pro-
jected for the SE) may enhance summertime clouds,
thus supporting surface cooling (Jackson et al., 2008).
Changes in the shape of the Bo—SWC thus provide a

(a) x 10°

Summertime Convective Conditions (mid-day, R,

quantitative metric to evaluate the effects of age-related
land-cover changes on regional cloud formation and
rainfall recycling mechanisms. The cloud formation
model developed here (Eqns 9-10, Fig. 9) suggests that
variations in soil water availability can produce
‘abrupt’ transition from cloudy to cloudless conditions.
The level of water stress the vegetation experiences can
reduce the pine transpiration and drive the ecosystem
to a suppression of convective clouds. The threshold
for the onset of water stress thus provides a threshold
for convective cloud formation and lack of subsequent
precipitation might enhance water stress through a pos-
itive feedback mechanism (i.e., less transpiration, less
precipitation). Such threshold is shown to depend on
both soil characteristics and stand age, suggesting that
pines development stage can influence the ability of the
SPA system to recirculate available water (see concep-
tual illustration in Fig. 9d). This finding suggests some
degree of self-regulation within the hydrologic cycle of
young pine stands. Note, however, that only convective
processes are considered and such changes can be miti-
gated, at least in the short term, by frontal systems (or a
more extreme version, hurricanes). Very old pine
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Fig. 9 Cloud formation function A (continuous line) and time of cloud occurrence f. (gray scale) as a function of (a) Bowen ratio and (c)
water table depth (WT) for a given net radiation R, (600 W m~2). An empirical linear relation is used to relate WT to soil moisture con-
tent at the Coastal site (b). The approximated solution A = 0 is compared with the results of numerical simulations presented in Bonetti
et al. (2015) (red squares in panel c). Given the uncertainties in the WT—SWC relation, different interpolation lines have been tested
(dotted lines in panels b and c). A schematic representation of age-related effects on soil-plant-atmosphere conditions regulating con-

vective cloud formation is presented in panel d.
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stands are less sensitive to drought due to deeper
rooting and self-thinning over time. This result is con-
sistent with mature broadleaf stands, which exhibit
conservative water use and are fairly resistant to
drought (Oishi et al., 2010; Novick ef al., 2015).

The ability of the proposed zero-dimensional
approach to capture land-surface feedback mechanisms
is now assessed by comparing the cloud formation
function (Eqn 9) with results of a detailed SPA model
recently developed by Bonetti et al. (2015) for the
Coastal site. To this purpose, the SWC variations at the
Coastal site are converted into water table depth (WT)
variations (illustrated in Fig. 9b), which were previ-
ously used to drive the simulations by the complex
SPA model (Bonetti et al., 2015 ). The numerical model
by Bonetti ef al. (2015) employs Richards equation to
describe soil moisture redistribution in three dimen-
sions, 3D root water uptake as regulated by a stomatal
optimization model with a dynamic marginal water use
efficiency, and a surface energy balance coupled with a
slab representation of ABL-LCL dynamics. Comparing
the solution of Eqn (9) with the results of this detailed
numerical model (red squares in Fig. 9c) shows that the
two approaches broadly agree on the sensitivity of the
coastal pine plantation system to the same range of FA
and soil moisture conditions initiating convective
Clouds. The two curves in Fig. 9b are shifted due to the
oversimplified representation of the connection
between water table variations and SWC (explicitly
resolved in the complex SPA model).

The results in Fig. 9 are also consistent with several
monitoring (e.g. Eltahir, 1998; Freedman et al., 2001)
and modeling (e.g. Kollet & Maxwell, 2008; Sanchez-
Mejia & Papuga, 2014; Bonetti et al., 2015) studies. The
well-known interplay between surface energy fluxes
and shallow stratocumuli formation has been con-
firmed here. In addition, explicit connections with FA
and soil moisture status have been unfolded by the
model developed. The model results support previous
conclusions regarding the positive correlation between
groundwater depth, sensible heat fluxes (Kollet &
Maxwell, 2008), and ABL height (Sanchez-Mejia &
Papuga, 2014). In addition, the relative importance of
land-surface vs. FA conditions has been analytically
disentangled thereby allowing clear separation between
key biotic and abiotic controls regulating the transition
from cloudy to cloudless regimes using analytical
expressions.

Study limitations

Our analysis considered only four sites with similar cli-
matic but different edaphic locations. Also, data from
different monitoring periods were analyzed. These
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choices were dictated by the need to explore a wide
range of stand ages (from 2-year-old up to ~ 35-year-
old pines) and soil textures, but the assumption of
comparable edaphic and hydroclimatic conditions
introduces some uncertainties. Here, soil texture was
used as a proxy for comparing sites with similar/differ-
ent edaphic conditions assuming that soil hydraulic
characteristics were comparable and played the major
role in regulating SPA interactions. However, soil char-
acteristics were not exactly the same and other soil
properties (e.g., pH, soil nitrogen) may have differed
among sites, thus influencing the observed plant-water
relations. Such differences can exist also at the stand
level but their impact on the partitioning of surface
energy fluxes at large scales have been ignored.
Another main limitation of this study is the use of a
single very old stand where fluxes were available for
similar soil texture and hydro-climatic conditions. A
part for the young pines at very early stages of growth
(i.e., 2-3 year old), the observed Bo—SWC relations
showed a comparable trend across three of four study
sites (increasing Bo for decreasing SWC at the Young
Plantation, the Coastal site, and the Duke Forest, that is,
pines in the range of 5-22 year old) and only the Old
Plantation (~ 35 year old) demonstrates a clear devia-
tion. Additional datasets from older (i.e., > 35 year old)
pine stands are required to confirm the robustness of
the observed age-related differences. Finally, the
assumption of a constant Bowen ratio during the day,
while necessary to derive the analytical solution in Eqn
(2), is not valid in general (especially during very early
morning and later afternoon). Variations of Bo at
shorter temporal scales (e.g., hourly) may introduce
complex ABL dynamics that are partly responsible for
day-to-day variations in cloud occurrence. The same is
true for FA conditions (assumed constant during the
day as well).

Broader impacts

The leading eco-hydrologic mechanisms governing the
transition between cloudy—cloudless regimes over the
land surface appear to be encoded in the nonlinearity
between the Bowen ratio Bo (or alternatively, evapora-
tive fraction) and root-zone soil water content, SWC.
The precise shape of this nonlinearity is governed by
site water availability, plant hydraulic conductance,
and transpiring leaf area that affect the partitioning of
available energy into sensible and latent heat fluxes.
The work here showed that for high SWC, Vf)BOC ~0
and Bo =~ 0.3 across different sites (Loblolly pine plan-
tations from 2 to 22 years old), irrespective of soil type
or rooting zone depth. With declining SWC, the Bowen
ratio increased and convective cloud formation was

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13221
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suppressed when a threshold SWC (that depends on
the soil/roots characteristics) was reached. However,
the ‘operational” summertime SWC was found (at these
sites) close to such a threshold, corresponding to the
SWC over which the curvature K « |%| is maxi-
mum. These findings suggest that these forest ecosys-
tems operate at the cusp of hydraulic failure through
much of the growing season, while still supporting
high enough transpiration rates to trigger convective
cloud formation and local hydrologic recycling.

At the regional scale, age-related changes in the
ecosystem heat and moisture fluxes can modify cloud
cover and alter the precipitation regime. In the south-
eastern USA, the current FA conditions lie in a zone
where the Bo—SWC conditions can impact convective
cloud formations thereby making land-cover change
(from older pine forests to younger and faster growing
plantations as suggested by recent economic projections
(Wear & Greis, 2002; Juang et al., 2007b)) an issue in
water resources. Such impacts can be amplified (or mit-
igated) by both climate- and human-induced changes.
The predicted temperature increase is expected to
increase the atmospheric vapor pressure deficit
(Delucia et al., 2001) with direct effects on the evapo-
transpiration fluxes. Modeling studies also suggest that
the increase of atmospheric CO, can modify the exist-
ing Bo—SWC relations (e.g. de Arellano ef al., 2012), but
recent observations demonstrate that elevated CO, is
likely to have little influence on canopy transpiration
(Tor-ngern et al., 2015).

On the other hand, given the large scale of land-cover
changes in the southeastern US (31% of its forest cover
was either lost or gained following short-cycle tree
planting and harvesting (Hansen et al., 2013)) popula-
tion growth (United States Census Bureau, 2005) and
plantation forestry expansion (Wear & Greis, 2012)
projected for the region can impact boundary layer pro-
cesses by affecting subsurface water availability and
land surface fluxes. The work here shows that depletion
of groundwater may lead to reductions in convective
precipitation in regions where root-zone soil moisture
is regulated by water table variations, resulting in a
positive feedback on the depletion process.
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