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¨  Right	now	most	work	on	SM	->	PBL	
¨  More	work	needed	on	two-way	coupling	

¨  Examples:	use	of	air	temperature	and	humidity	to	infer	surface	fluxes	
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the soil and vegetation substrate using an effective surface vapor
conductance (12, 13). Varying Csurf induces a wide range of E
rates, and associated RH profiles, allowing the hypothesis to be
tested (see Methods for details).

Results and Discussion
The hypothesis is tested at five hydrologically, climatically, and
biophysically diverse AmeriFlux (14) sites: Vaira Ranch, a grass-
land in California; the Duke Forest, a hardwood forest in North
Carolina; the Audubon Research Ranch, a desert grassland in
Arizona; Fort Peck, a semihumid grassland in the northern great
plains of Montana; and Mead Rainfed, an agricultural plot
in Nebraska.
Our main finding is that the surface conductance estimated by

minimizing the variance of the RH profile predicts the measured
E and sensible heat flux accurately. This finding is demonstrated
in Fig. 1, where, for each site, three plots are presented: (i) the
mean seasonal cycle of predicted and measured latent heat flux

(i.e., the energy equivalent of evapotranspiration), filtered with
an 11-d moving window average (Fig. 1 A, D, G, J, and M); (ii)
a single year or season of results highlighting the covariability of
the measured and estimated daily averaged fluxes (Fig. 1 B, E, H,
K, and N); and (iii) a scatter plot of the daily-estimated and
measured fluxes, along with a root mean square and mean bias
estimate (Fig. 1 C, F, I, L, and O).
The fit between the measured (green) and estimated (red)

fluxes, at both seasonal and synoptic scales, across five signifi-
cantly different field sites, corroborates the hypothesis that the
RH profile evolves to a minimum variability with respect to
evaporation. Note again that the estimated surface vapor con-
ductances (and corresponding evaporation rates) were not cali-
brated with the observed evaporation rates. Csurf was estimated
only from the RH profiles, the calculation of which was based
only upon measured humidity, temperature, ground heat flux,
friction velocity (or wind speed), net shortwave radiation, and
incoming longwave radiation.
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Fig. 1. Estimated and measured latent heat fluxes at five AmeriFlux test sites. The first column (A, D, G, J, andM) contains climatological means, highlighting
seasonal water limitations, the second column (B, E, H, K, and N) contains selected periods highlighting synoptic variations, and the third column (C, F, I, L, and
O) contains a scatter plot of the daily measured and predicted values, along with statistics of fit. The green lines are measured fluxes, the red lines are
predicted fluxes based on minimizing the RH profile variance, and the magenta lines are the Priestley–Taylor (water-unlimited) estimates for reference. In D
and E, the blue lines are measured fluxes at Tower B (see text for detail). The highlighted seasons in B, E, H, K, and N are for years 2007, 2010, 2005, 2007, and
2009, respectively.
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¨  Cloud albedo feedback more important in many regions 

Green et al. 2016 in review 
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¨  Cloud albedo feedback more important in many regions 

Anber et al. 2015 PNAS 

induced in the wet season. However, the shortwave CRF in the
wet season is much more negative than in the dry season due to
the presence of the fog layer. Because the shortwave CRF
dominates in the wet season, and longwave CRF dominates in
the dry season, the net CRF is negative in the wet season and
positive in the dry. Comparison with CRF obtained from the
Clouds and the Earth’s Radiant Energy System (CERES) [the
CERES SYN1deg daily radiative fluxes (30, 31)] shows a reasonable
agreement with our simulations, although some biases exist.
Perhaps surprisingly, the seasonal difference in the top of the

atmosphere seasonal mean insolation is not the dominant con-
trol that determines the differences in seasonal climate, even
though it is ultimately what controls the seasonal cycle in nature.
In our simulations, the differences in the target potential tem-
perature profiles are primarily responsible for the seasonal dif-
ferences described above. We performed sensitivity experiments
in which the insolation from the wet season is used with the
target potential temperature profile from the dry season and vice
versa (see Figs. S5−S7). We also performed sensitivity experi-
ments over Rondonia (10.7°S, 62.7°W), where the seasonal dif-
ference in insolation is greater (Figs. S8−S10). When insolation
is varied while holding the potential temperature profile fixed,
no significant difference is found in terms of the typical pattern
of diurnal and seasonal patterns of precipitation. Again, the
cloud albedo adjusts so that the surface shortwave radiation is

always higher in the case of the dry season profile, leading to
higher evapotranspiration flux (Fig. S9). This behavior differs
from convection over oceans, where stronger seasonal insolation
leads to higher surface fluxes (and sea surface temperature), and
cloud albedo is not so tightly coupled to atmospheric convection
because, unlike land, the ocean can both substantially store and
transport heat reducing the coupling of evaporation with short-
wave incoming radiation.

Methods
Model Configuration. We use the WRF model version 3.3, in three spatial
dimensions, with doubly periodic lateral boundary conditions. The experi-
ments are conducted with Coriolis parameter f = 0. The horizontal domain
size is 192 × 192 km2 with a grid spacing of 2 km. There are 50 vertical levels
total, with the top level at 22 km, and 10 levels in the lowest 1 km. Gravity
waves propagating vertically are absorbed in the top 5 km to prevent
unphysical wave reflection off the top boundary by using the implicit
damping vertical velocity scheme (32). The 2D Smagorinsky first-order tur-
bulent closure scheme is used to parameterize the horizontal transports by
subgrid eddies. The Yonsei University first-order closure scheme is used to
parameterize nonlocal boundary layer turbulence and vertical subgrid-scale
eddy diffusion (33). The surface fluxes of moisture and heat are parame-
terized following Monin−Obukhov similarity theory. Microphysics is simu-
lated using the Purdue−Lin bulk scheme (34), which has six species: water
vapor, cloud water, cloud ice, rain, snow, and graupel. Radiative fluxes are
determined interactively using the National Center for Atmospheric Re-
search Community Atmosphere Model version 3.0 scheme for shortwave and
longwave radiation. Both surface and radiative fluxes are fully interactive.

The atmospheric model is coupled to the Noah land surface model (LSM)
(35) that has four soil layers at 10, 30, 60, and 100 cm depth. The LSM pro-
vides four quantities to the atmospheric model: sensible heat flux, latent

Fig. 4. Diurnal cycle of (A) latent heat flux, and (B) net shortwave at the
surface, for WRF modeled (thick) and observed (thin) fluxes. Observed fluxes
are taken from the climatology of eddy covariance fluxes observed at K34
station in Reserva Biológica do Cuieiras. We note that surface observations
are difficult to obtain in the presence of dew (eddy covariance measure-
ments typically cannot correctly record measurements) so that the obser-
vations typically omit fog situations, with an overrepresentation of relatively
clear days compared with fog days.

Fig. 3. Composite of the WRF simulated 2-d cycle of fractional cloud cover
for the (A) wet and (B) dry season. Note the fog layer above the surface in
the wet season.
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induced in the wet season. However, the shortwave CRF in the
wet season is much more negative than in the dry season due to
the presence of the fog layer. Because the shortwave CRF
dominates in the wet season, and longwave CRF dominates in
the dry season, the net CRF is negative in the wet season and
positive in the dry. Comparison with CRF obtained from the
Clouds and the Earth’s Radiant Energy System (CERES) [the
CERES SYN1deg daily radiative fluxes (30, 31)] shows a reasonable
agreement with our simulations, although some biases exist.
Perhaps surprisingly, the seasonal difference in the top of the

atmosphere seasonal mean insolation is not the dominant con-
trol that determines the differences in seasonal climate, even
though it is ultimately what controls the seasonal cycle in nature.
In our simulations, the differences in the target potential tem-
perature profiles are primarily responsible for the seasonal dif-
ferences described above. We performed sensitivity experiments
in which the insolation from the wet season is used with the
target potential temperature profile from the dry season and vice
versa (see Figs. S5−S7). We also performed sensitivity experi-
ments over Rondonia (10.7°S, 62.7°W), where the seasonal dif-
ference in insolation is greater (Figs. S8−S10). When insolation
is varied while holding the potential temperature profile fixed,
no significant difference is found in terms of the typical pattern
of diurnal and seasonal patterns of precipitation. Again, the
cloud albedo adjusts so that the surface shortwave radiation is

always higher in the case of the dry season profile, leading to
higher evapotranspiration flux (Fig. S9). This behavior differs
from convection over oceans, where stronger seasonal insolation
leads to higher surface fluxes (and sea surface temperature), and
cloud albedo is not so tightly coupled to atmospheric convection
because, unlike land, the ocean can both substantially store and
transport heat reducing the coupling of evaporation with short-
wave incoming radiation.

Methods
Model Configuration. We use the WRF model version 3.3, in three spatial
dimensions, with doubly periodic lateral boundary conditions. The experi-
ments are conducted with Coriolis parameter f = 0. The horizontal domain
size is 192 × 192 km2 with a grid spacing of 2 km. There are 50 vertical levels
total, with the top level at 22 km, and 10 levels in the lowest 1 km. Gravity
waves propagating vertically are absorbed in the top 5 km to prevent
unphysical wave reflection off the top boundary by using the implicit
damping vertical velocity scheme (32). The 2D Smagorinsky first-order tur-
bulent closure scheme is used to parameterize the horizontal transports by
subgrid eddies. The Yonsei University first-order closure scheme is used to
parameterize nonlocal boundary layer turbulence and vertical subgrid-scale
eddy diffusion (33). The surface fluxes of moisture and heat are parame-
terized following Monin−Obukhov similarity theory. Microphysics is simu-
lated using the Purdue−Lin bulk scheme (34), which has six species: water
vapor, cloud water, cloud ice, rain, snow, and graupel. Radiative fluxes are
determined interactively using the National Center for Atmospheric Re-
search Community Atmosphere Model version 3.0 scheme for shortwave and
longwave radiation. Both surface and radiative fluxes are fully interactive.

The atmospheric model is coupled to the Noah land surface model (LSM)
(35) that has four soil layers at 10, 30, 60, and 100 cm depth. The LSM pro-
vides four quantities to the atmospheric model: sensible heat flux, latent

Fig. 4. Diurnal cycle of (A) latent heat flux, and (B) net shortwave at the
surface, for WRF modeled (thick) and observed (thin) fluxes. Observed fluxes
are taken from the climatology of eddy covariance fluxes observed at K34
station in Reserva Biológica do Cuieiras. We note that surface observations
are difficult to obtain in the presence of dew (eddy covariance measure-
ments typically cannot correctly record measurements) so that the obser-
vations typically omit fog situations, with an overrepresentation of relatively
clear days compared with fog days.

Fig. 3. Composite of the WRF simulated 2-d cycle of fractional cloud cover
for the (A) wet and (B) dry season. Note the fog layer above the surface in
the wet season.
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Soil moisture? 
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¨  This is often our starting point  

¨  SM èEFè PBL 

¨  But this assumes that SM is changing EF and in a well defined way 

¨  Reality is more complex 

Piños mountains within the Sevilleta National Wildlife
Refuge, Socorro County, New Mexico (N 34°23′13″, W
106°31′29″, elevation 1911m), part of the US Long-Term
Ecological Research network. Piñon pine (Pinus edulis) and
one-seed juniper (Juniperus monosperma) are the dominant
woody species. Soils are calcid aridisols characterized as

Sedillo–Clovis association of fan alluvium derived from
conglomerate. Long-term mean monthly temperatures range
from 2.6 °C in January to 23.1 °C in July; annual precipitation
averages 362mm. Roughly half of the annual precipitation
falls can be attributed to convective storms during the North
American Monsoon, from July to September.
The data were obtained from a precipitation manipula-

tion experiment at the site which includes three levels of
water: control, irrigated and drought (Pangle et al., 2012).
Here, we only consider the ambient control blocks, which
are composed of three blocks (flat, south-facing slope and
north-facing slope). Treatments began in the summer of
2007. Full details of the experiment and plots are provided
in Pangle et al. (2012) and Plaut et al. (2012).

Tree data

Within each of the three plots, five trees of each species were
chosen for physiological measurements including sap flux
density, leaf water potential and soil moisture (Pangle et al.,
2012). These target trees were centrally located within the
plots and had stem(s) of at least 9-cm diameter. The plots
included over 50 piñon trees with average DBH of 21.54 cm
with variations from 5 to 40 cm and over 65 junipers with
mean DBH of 31cm with variations from 5 to 75 cm.

Plant water potential

Pre-dawn and midday leaf water potentials (ψpd and ψmd,
respectively) were measured on each target tree using

Figure 2. Schematic describing the effect of the vulnerability curve on hydraulic failure and stage 1 (no embolism) and stage 2 (embolized) regimes up to
hydraulic failure define when the xylem potential reaches ψcrit after Meinzer and McCulloh (2013).

Figure 3. (top) Time series of simulated tree gross primary productivity
generated by the model, and corresponding phase 1 (unstressed) and phase
2 (stressed) periods as well as total evapotranspiration (transpiration plus

bare soil evaporation) (bottom).

SURVIVAL STRATEGIES OF HYDRAULIC FAILURE AND CARBON STARVATION

Copyright © 2015 John Wiley & Sons, Ltd. Ecohydrol. (2015)
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¨  Fluxes vs. water stress 

(please note that our nomenclature differs from that proposed by
Franks et al. (2007) to describe similar forms to control water
status).

We aimed to use this theoretical framework and a newly devel-
oped global database of leaf water potentials to test the following
hypotheses: (1) the relationship described in Eqn 3 can be
approximated by a linear function, as expressed in Eqn 4, and its
parameters are mostly consistent within species (within limits of
statistical detectability); (2) the slope (r) of the relationship
between ΨL and Ψs is close to one in most species, reflecting a
close coordination between stomatal and hydraulic responses to
drought; and (3) variation in r across species will reflect differ-
ences in environmental conditions and plant hydraulic traits, so
that low values of r (transpiration reduced much more rapidly
than plant hydraulic conductance during drought) will occur in
environments characterized by high evaporative demands or in
species showing large pressure drops under well-watered condi-
tions (low Λ) and high vulnerability to xylem embolism
(overcompensation).

Materials and Methods

Literature searches

A literature search was conducted in July 2010 using Google
Scholar and the terms: (leaf OR needle) +midday + ‘predawn
water potential’. All the > 400 references in the initial list were
checked for measured values of leaf water potential. The software

TechDig (version 2.0, Ronald B. Jones) was used to retrieve indi-
vidual data points from published figures. The following criteria
were used to include individual papers in the final database: (1)
they had to be published in the primary scientific literature; (2)
no direct modifications of water potentials in the plant were con-
ducted, whereas experimental treatments, such as irrigation or
drought simulation, were allowed; (3) leaf water potentials had
been monitored over a period of > 1 month (i.e. short-term stud-
ies focusing on diurnal changes were excluded); and (4) predawn
and midday water potentials were measured concurrently over
time and the number of data pairs was > 5. One study (Ham-
erlynck et al., 2000) was not considered because it was unique in
showing consistently lower (more negative) predawn than mid-
day leaf water potentials, suggesting that the measurements were
conducted under very particular conditions that may not be rep-
resentative. In all the analyses, midday (ΨMD) and predawn
(ΨPD) leaf water potentials were used as proxies of ΨL and Ψs,
respectively. In doing so, we assumed that plant and soil water
potentials equilibrate overnight, which is not always the case
(Donovan et al., 2003).

A total of 83 articles fulfilled the previous criteria and were
included in our database (see Table S1). In most cases, the studies
were conducted in natural conditions in the field (83%),
although some studies carried out on crop fields, potted plants or
experimental containers were included. An additional filtering
was carried out at the species level, so that only species for which
the overall range of predawn leaf water potential was > 0.6MPa
were retained. The final database contained data for 102 species
sampled in five continents (see Fig. S1), including representatives
from the Temperate (n = 44, including one Boreal species), Med-
iterranean (n = 33), Tropical (n = 15) and Desert (n = 10) bio-
mes. All Tropical species, except one, corresponded to the Dry
Tropical biome (Table S1). The predominance of species from
relatively dry regions corresponds to the fact that leaf water
potentials have been widely used to study plant responses to
drought, whereas they have been measured less frequently in wet
environments (e.g. Tropical rainforests). With regard to growth
habits and functional types, 15 species were conifers, 46 were
angiosperm trees (broadleaves), 28 were angiosperm shrubs and
13 were herbaceous (see Table S1).

Additional datasets

Average climatic variables for the reference period 1961–1990 for
each study location were obtained from the CRU CL 2.0 gridded
dataset, with a spatial resolution of 100 (New et al., 2002). The
following variables were considered: mean annual temperature
(MAT), mean summer temperature (June–August in the North-
ern Hemisphere and December–February in the Southern Hemi-
sphere, MST), mean diurnal temperature range (MDTR), mean
annual precipitation (MAP), coefficient of variation of monthly
precipitation (CVMP), mean summer precipitation (June–
August, MSP), mean annual vapour pressure difference (MAD)
and mean summer vapour pressure difference (June–August,
MSD). These values were averaged across all the locations in
which each species had been sampled to obtain a mean value for

Fig. 1 Relationship between predawn and midday leaf water potentials
according to our theoretical model, which assumes a linear relationship.
Four different behaviours are depicted, all sharing the same intercept (Λ):
strict isohydric (r = 0), partial isohydric (0 <r < 1), strict anisohydric (r = 1)
and extreme anisohydric (r > 1). The point of cessation of gas exchange is
also represented: for isohydric behaviours; it occurs when ΨPD =ΨMD; for
anisohydric relationships, it occurs when ΨMD reaches the water potential
inducing complete loss of plant hydraulic conductance. The 1 : 1 line is also
depicted.

! 2014 The Authors
New Phytologist! 2014 New Phytologist Trust

New Phytologist (2014)
www.newphytologist.com

New
Phytologist Research 3

Martinez-Villalta 2013 

(Friedl et al., 2010; Channan et al., 2014) (Fig. S5), which use
the International Geosphere and Biosphere Programme land

cover classes.
For each pixel, the (potential) seasonal variation in r is also

calculated by separately regressing morning and midnight
VOD over data pairs from different time periods. For season-

ally dry ecosystems, r is calculated separately for the wet sea-
sons and the dry seasons. A month is considered part of the
dry season if its climatologic average precipitation rate is

<20% of the monthly mean rainfall rate across the entire year.
All ecosystems with at least one dry month per year are con-
sidered seasonally dry. The rainfall dataset used is from the

GPCP, consistent with the data used for filtering VOD data
pairs.

The ecosystem-scale isohydricity is also compared to a best
estimate of the ecosystem-scale water use efficiency, defined

as the ratio of photosynthetic to evapotranspiration fluxes.
Water use efficiency is highly sensitive to vapor pressure defi-
cit (VPD), so it is common to consider variants of the WUE

that multiply by a function of the VPD. Here, we use the
underlying water use efficiency, uWUE = GPP VPD1/2/ET,
which is more stable at daily and yearly timescales than other

variants (Zhou et al., 2015). The dependence on the square
root of VPD is also consistent with stomatal optimization
models of water use efficiency(Katul et al., 2009). The GPP
used to calculate WUE is derived from observations of solar-

induced fluorescence (SiF) measurements from the MetOp-
Sat’s GOME2 instrument (Joiner et al., 2013). The ‘combined’
grassland–cropland regression equation from Guanter et al.
(2014) is used to scale the SiF to GPP. The evapotranspiration
estimates are obtained from the Fluxnet-MTE dataset, which
uses a regression tree approach (Jung et al., 2011). Vapor pres-
sure deficit is calculated at a monthly scale by combining 2-m

humidity and air temperature data from ERA-Interim (Dee
et al., 2011).

Results

Spatial variability of annual isohydricity

Figure 3 shows a global map of r, calculated over the
entire time period of record. Periods with low variation
in VOD midnight are shown with reduced trans-
parency, as further considered in the Discussion sec-
tion. The coefficient of determination for the regression
at each pixel is also mapped in Fig. S4. Figure S4 closely
matches Fig. 3, as expected based on the relationship
between R2 and r (Fig. S3). The global patterns of r are
generally consistent with expected behavior. For exam-
ple, in the southeastern United States, where various
species of the more isohydric pines (Roman et al., 2015)
make up at least half of the land cover (Wear & Greis,
2002), the overall ecosystem-scale isohydricity r is low.
Large agricultural areas such as those in the US corn
belt, Argentinian Pampas, and across India are rela-
tively anisohydric. As crops are bred and selected to
grow fast, it is not surprising that these ecosystems
would favor anisohydric behavior that allows more car-
bon uptake and growth.
Mediterranean ecosystems, for which a range of

observations have been observed at the species level
(Quero et al., 2011; Martinez-Vilalta et al., 2014), are rel-
atively isohydric at the ecosystem scale, although there

0
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Fig. 3 Global variations in isohydricity slope r. Pixels with an average VOD <0.1 are removed from the analysis due to possible VOD

retrieval errors caused by surface volume scattering. Pixels for which for which the range of midnight VOD was <25% of the range of

midday VOD are shown with reduced transparency.

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13389
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¨  CO2 changes the energy and water cycles 

Lemordant et al. 2016 GRL 
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Figure 1. Dominant carbon, energy and water feedbacks. (a) During the growing season, 

the water use efficiency due to higher CO2 concentrations reduces latent heat flux, increasing 

air temperature and soil moisture. (b) In early summer, the increase in LAI due to CO2 

fertilization increases the latent heat flux and leads to a temperature reduction. (c) During a 

heat wave, the spring soil moisture savings decrease the stress of the vegetation and increase 

the transpiration leading to a decrease of the peak temperature. Minus (positive) sign reads 

decrease (increase). 

  



Huge impact on dryness and seasonality 
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¨  CO2 changes the energy and water cycles (RCP8.5 – 8.5 W m-2) 

¨  Opportunity to link with iLeaps 
Lemordant et al. 2016 GRL 
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Figure 2. Effects of the water cycle feedback on temperature over the small domain. Left 

column shows averages over the domain of the main components of the water cycle (a) soil 

moisture (0-200 cm) (kg/m2) (b) latent heat flux at 15:00 UTC (W/m2). Right column shows 

averages over the domain of the (c) daily maximum temperature (K) and (d) sensible heat 

flux (W/m2) at 15:00 UTC. Data is shown for the period from 19 February (DOY 50) to 7 

September 2003 (DOY 250). All variables are expressed as a difference relative to CTL of the 

two runs FER (blue) and FERdry (red, dashed). Grey shaded areas correspond to the period 

where the temperature anomaly was above the 95th percentile in 2003, the periods of an 

extreme heat wave over the domain. The red and blue shaded areas correspond to respectively 

the FERdry-FER and FER-CTL differences. Except for the soil moisture, the time series are 

smoothed by a 3-days running average. 
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Figure 3. Physiological effect (FER) over the small domain during spring and summer. 

The left column presents an average of the variables for FER expressed as the difference to 

CTL for spring (15 March to 8 June 2003), while the right column displays the same results 

for the summer period (8 June to 16 August 2003). The presented variables are the average 

soil moisture content (kg/m2) (a, e), the average latent heat flux (W/m2) at 15:00 UTC (b, f), 

the daily max temperature (K) (c, g) and the average sensible heat flux (W/m2) at 15:00 UTC 

(d, h). 
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¨  New dataset based on fluorescence, better compare to FLUXNET 2015 vs. 
other products (ET, T:ET ratio, Sensible heat flux, GPP). 

¨  Good interannual variability (~ none in Fluxnet MTE) 


