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Soil water deficit and high atmospheric dryness (vapor pressure deficit, VPD) are major environmental limita-
tions on carbon uptake of terrestrial ecosystems. However, it is still unclear how climate seasonality influences
seasonal soil water supply and atmospheric water demand, and consequently limits plant photosynthesis. Here,
we analyzed the impacts of the seasonal radiation-rainfall coupling on soil moisture limitations versus atmo-
spheric dryness limitations on plant photosynthesis across the Northern Hemisphere north of 15°N, using the
eddy covariance data of 83 forest sites and multiple satellite-based data. Our results show that forest photo-
synthesis is strongly reduced by low soil water availability that is accompanied by a high atmospheric dryness
during warm seasons for sites and regions where there is a strong negative covariation between radiation and
rainfall availability, which we denote as asynchronous climate. However, under climates with positive covari-
ation between radiation and rainfall availability, i.e. synchronous climate, forest photosynthesis experiences only
a small soil water stress, but tends to be limited by high atmospheric dryness during warm seasons. Both the site
and regional analyses imply that atmospheric dryness exhibits stronger constraints on forest photosynthesis in
synchronous climate over a larger area than in asynchronous climate across the Northern Hemisphere.

1. Introduction plant hydraulics transport of water from the soil to the leaves (Tyree and

Sperry, 1989) and trigger leaf stomata closure to regulate hydraulic

Soil water deficits and high atmospheric dryness are recognized as
two important factors influencing plant phenology and physiology and
thus show strong limitation on plant photosynthesis (Zhou et al., 2019b;
Novick et al., 2016). These two types of water stresses on photosynthesis
are now a key question for understanding terrestrial carbon uptake,
energy exchange, and water transfer, which are important for predicting
and understanding the impact of climate change on future carbon up-
take of terrestrial ecosystems (Cheng et al., 2017; Hartmann, 2009; Liu
et al., 2020; Lu et al., 2022; Zhou et al., 2019a).

Soil water is the main reservoir for plant transpiration and surface
evaporation (Hartmann, 2009). Soil moisture deficits impede soil and

conductivity and limit water loss (Martinez-Vilalta et al., 2014; Marti-
nez-Vilalta and Garcia-Forner, 2016) in turn resulting in an inhibition of
photosynthesis (Novick et al., 2016). However, even with adequate soil
water access for roots, plant stomata tend to close in response to
increased atmospheric water demand, i.e., high vapour pressure deficit
(VPD) (Novick et al., 2016; Konings et al., 2017). The increased atmo-
spheric water demand forces plant to maximize carbon gains per unit of
water loss by inducing some stomatal closure to constrain water loss
(Ding et al., 2018; Katul et al., 2009; Sperry et al., 2017). Although soil
moisture deficits and high atmospheric dryness both regulate stomatal
closure and in turn reduce plant carbon uptake (Konings and Gentine,
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2016; Konings et al., 2017), it is still unclear in which climates, soil
moisture deficits and high atmospheric dryness act separately or syn-
ergistically to inhibit plant photosynthesis.

Here, we hypothesize that, the seasonal phase between incoming
radiation (SW) and precipitation (Pre) controls whether soil water
deficit and high atmosphere demand for water happen in the same
season or in different seasons, and consequently influences ecosystem-
photosynthesis. We investigated this hypothesis using data from 83
eddy-covariance forest sites spanning various ecoregions across North-
ern Hemisphere (latitude > 15°N) (Fig. 1A; Figure S1), as the impacts of
environment factors on forests in high latitudes differ greatly from those
in mid-to-low latitudes (Messori et al., 2019; Yang et al., 2021). To
quantify the seasonal phase between rainfall and radiation availability,
we calculated the Pearson correlation coefficients (Rejimate) between
monthly means of SW and Pre during the 1980-2010 period using the
method of Yang et al. (2020), who used Rcjimate to evaluate the seasonal
phase between rainfall and radiation availability across tropical and
subtropical regions. We refer to synchronous climates where Pre and SW
covary positively (Relimate > 0) and asynchronous climates where Pre
and SW covary negatively (Rejimate < 0) (Yang et al., 2021). To quantify
the seasonal co-occurrence between soil water availability and atmo-
spheric dryness, we used AET/PET, the ratio of actual (AET) to potential
(PET) evapotranspiration calculated from eddy-covariance measure-
ments, as a proxy for soil water availability at monthly scale (Figure S2)
(Chen et al., 2010; Gentine et al., 2007, 2011; Shinker and Bartlein,
2010) and vapour pressure deficit (VPD) as the atmospheric dryness
proxy (Konings et al., 2017; Liu et al., 2020; Novick et al., 2016). We
then calculated the correlation coefficient between monthly AET/PET
and monthly VPD (Reonstraints) (Fig. 1B). We used the ecosystem light-use
efficiency (LUEgc) as an indicator of forest photosynthesis capacity
(Yuan et al., 2019) (Fig. 2, Supplementary Methods). For the pixel-based
analysis at larger spatial scales, we calculated the canopy fluorescence
yield (Fqy) of forest by dividing the satellite Solar Induced Fluorescence
(SIF) by the absorbed photosynthetically active radiation (APAR), to
examine the seasonal photosynthesis (Zeng et al., 2019) (Fig. 2, Sup-
plementary Methods). We primarily focused on the warm season period
from April to September and the data during the periods beyond these
warm seasons were excluded from the data analysis (Supplementary
Method).
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2. Materials and Methods

Eddy-covariance and satellite-based data for plant photosyn-
thesis. We mainly focused on forest ecosystems in the Northern Hemi-
sphere with latitude > 15°N (Fig. 1A; Figure S1) and carried out the
study by using monthly eddy-covariance observations from the FLUX-
NET 2015 openly available database (Tier 1) (Pastorello et al., 2020)
and satellite-based GOME-2 (Global Ozone Monitoring Experiment-2)
and TROPOMI (TROPOspheric Monitoring Instrument) SIF data. Addi-
tional satellite-based phenological data, e.g. NDVI (normalized differ-
ence vegetation index) (Wang et al., 2004), LAI (leaf area index)
(Buermann et al., 2001), EVI (enhanced vegetation index, Didan, 2015),
NIRv (near-infrared vegetation reflectance, Badgley et al., 2017) and Ku-
VOD (Ku-band vegetation optical depth) (Fan et al. 2019), were also
analyzed to examine the seasonal variations. Detailed methods for
selecting eddy-covariance data and for calculating the ecosystem light
use efficiency (LUE) were introduced in the Supplementary Methods.

Disentangling soil moisture deficits and atmospheric dryness
effects on plant photosynthesis. Following Novick et al. (2016), if
forest photosynthesis response to VPD varied significantly between
different soil moisture bins, the site would be more soil-moisture
limited; while if there were minimal changes in ecosystem conduc-
tance sensitivity to VPD across soil moisture bins, the site would be more
VPD-limited. Here, we used monthly values of dryness index (AET/PET)
as a proxy for seasonal soil water availability; and then investigated the
relationship between LUEgc and VPD increase for different AET/PET
bins in negative and positive Rejimate, respectively. Those with higher
coefficients of variation (CV, Supplementary methods) of LUEgc be-
tween different AET/PET bins under higher VPD were assumed to be less
constrained by high atmospheric dryness, implying relatively more soil
moisture limitations. On the contrary, those with lower CV of LUEgc
between different AET/PET bins under higher VPD were assumed to be
more constrained by high atmospheric dryness, implying less soil
moisture constraints.

We used Locally Weighted Regression Algorithm to fit the curves of
LUE against VPD for each AET/PET bin (Fig. 3). Additionally, by
comparing linear, log-linear, quadratic, and cubic spline functions, a
cubic spline function with the lowest Akaike information criterion was
selected to fit the curves. To test the significance of the relationship
between soil water availability (or atmospheric dryness) and LUEgc, the
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Fig. 1. Pearson coefficient between monthly mean precipitation (Pre) and monthly incoming shortwave radiation (SW) (Relimate) (background map in panel A) and
Pearson coefficient between monthly vapor pressure deficit (VPD) and monthly ratio (AET/PET) of actual (ET) to potential evapotranspiration (PET) (Reonstraint)
(symbols in panel A) from April to September. Symbols represent the 83 eddy covariance forest sites in the Northern Hemisphere. Symbol size represents absolute R
values and symbol color represents negative and positive values. Panel B represents the Rejimate-Reonstraint SCatterplot for the 83 sites.



Y. Su et al. International Journal of Applied Earth Observation and Geoinformation 110 (2022) 102808

A 13 O'5<Rclimate<‘I 150 £0.8 E 0.04 O'5<Rclimate<1 0.03
300 [ ' '
—~ 1 L1207 0.7 i
T 240{ 510 ‘S = 5 003 L 0.02
£ N Lgo € (064 5 '
< 74 a hn} z
% 180 4 5 € = ul 0.02 "
= L 4] 6o E 100 2 0.01
& 1204 = o lo4 0.01 1
11 N=38 30 o N=38
60 : — : Lo3 0.00 P : : 0.00
B 13 O<Rclimate<0'5 150 £0.8 F 0.04 0<Rclimate<0'5 0.03
300 [ ' '
—~ i L1207 +0.7 i
T 2404 @ 10 'g — % 0.03 +0.02
£ o lgo € ro6W 5 ~
£ 74 o o g
z 1804 & = = ,H0.02 N
= T 4 160 E [05U 2 L0.01
7 1201 = o o4 0.01 1
11 N=16 30 o N=16
60 s : ‘ - Lo.3 0.00 : : : : 0.00
c 13 “0-5Rjimate <0 150 08 O 004 20-5<Ryjimae <0 0.03
300 -
—~ 1 L1207 +0.7 i
o240{ 710 < [T 003 002
£ o lgg € r06W 5 /’_\/ ) .
£ 74 o w =3
= 180 = = = i 0.02 4 "
g o 4</——\'60 \E/—05|?‘|:J 3 L 0.01
& 1204 = o Lo 0.01 1
11 N=10 r30 o N=10
60 - — Lo.3 0.00 — 0.00
b 13 1 <Rojimae<0-5 150 08 T 004 1 <Reimate <0-5 0.03
300 | [
~ 1 L1207 (0.7 i
o240] 710 <[0T 003 ooz
£ . Lo £ [06} 5 '
£ 74 a w _/’\/ &
\;/ 180 4 5 c = ul 0.02 "
= % 4l 60 E -0.5£ 3 /\’_70.01
2 1201 © 104 0.01 1
- 11N=19 30 & N=19
L : : . : L0.3 0.00 - : : - 0.00
A M J J A s A M J J A S
month month

Fig. 2. Seasonal variability of climatic variables (panels A ~ D) and photosynthesis (E ~ H) for the Northern Hemisphere eddy covariance forest sites characterized
by Relimate > 0.5 (A, E), 0 < Rejimate < 0.5 (B, F), —0.5 < Rjimate < 0 (C, G), and Rejimate < -0.5 (D, H). Rejimate is the correlation between monthly mean precipitation
(Pre) and monthly incoming shortwave radiation (SW) during the growing season (April-September). Climate variables include SW, Pre, vapor pressure deficit (VPD),
and ratio (AET/PET) of actual (AET) to potential evapotranspiration (PET). Photosynthetic variables include light use efficiency calculated using eddy covariance
data (LUEgc) and remotely sensed quantum yield of fluorescence (Fg4y) (see Supplementary Methods). Non-growing season months are excluded.
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Fig. 3. Scatter diagrams between monthly ecosystem light-use efficiency (LUEgc) and vapour pressure deficit (VPD) of 83 eddy-covariance sites with different AET/
PET bins. The LUEg( is calculated from gross primary production, divided by the absorbed photosynthetically active radiation. Panels A and B are LUEgc against VPD
for Relimate < 0 and Rejimate > O for eddy-covariance sites. The curves were fitted by using the locally weighted regression. The shaded area represents the 95%
confidence interval.
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p values of the correlation between soil moisture (or VPD) and LUEgc
seasonality were calculated for each VPD bin using a mixed-effect linear
model, in the R package Ime4 (Bates et al., 2015). A smaller p value
implied a more significant relationship; while a bigger p value implied a
weaker relationship. We used p = 0.05 as the criteria for detecting the
significance level of the correlations in this study. A piecewise linear
model was performed to objectively identify the inflection point of the
relationship between VPD and LUE using the bootstrap restarting algo-
rithm implemented in the R package SiZer (Sonderegger et al., 2009).
This inflection point reflects the position in the curve where the corre-
lations between VPD and LUE shifted to another slope. All statistical
analyses were performed in R v.4.0.2.

3. Results

3.1. Strong atmospheric water constraints on forest photosynthesis under
synchronous climate

Among the 83 eddy-covariance forest sites (Fig. 1A), Rejimate Values
are positively correlated with R onsraine (correlation between VPD and
AET/PET) values (Fig. 1B). The multi-year mean seasonality (12
months) of Pre shows a downward parabolic curve in most sites (32 out
of 44) with 0.0 < Rejimate < 1.0 (Fig. 2 A and B), and gradually changes to
an upward parabolic curve (12 out of 19) with most sites where —1.0 <
Relimate < -0.5 (Fig. 2 D) (Figure S1). The forests with stronger positive
values of Rjimate between monthly Pre and SW (red color, Fig. 1A), i.e.
with strong in phase seasonality (Fig. 2), also have larger positive values
of Reonstrain: (Purple circles, Fig. 1A) between monthly AET/PET and VPD
(Fig. 1B). In drier seasons, the AET/PET, a proxy for soil water content
(Figure S2), is lower when atmospheric demand for water (i.e. VPD) is
also smaller (Fig. 2A and B). In wetter seasons, VPD is higher when soil
water is sufficient for this stronger atmospheric demand for water. This
implies that those sites likely exhibit very mild seasonal water stress; and
the low soil moisture and high atmospheric dryness potentially limit
forest photosynthesis in different seasons. On the contrary, forests with
stronger negative values of Rjimqe between monthly Pre and SW (blue
color, Fig. 1A), i.e. with strong anti-phase seasonality (Fig. 2), usually
have negative values of Reonstraine (yellow circles, Fig. 1A) i.e. anti-
correlation between AET/PET and VPD (Fig. 1B). This implies that low
soil moisture and high atmospheric dryness limit forest photosynthesis
during the same season. In drier seasons, the AET/PET is usually lower
when it is companied by higher VPD (Fig. 2D). In that case, those sites
with strong negative R jmqe also exhibit strong seasonal water stress
from both soil water deficits and atmospheric water deficits.

Our analyses of seasonal LUEgc for different R jimqee SUppPOrt above
inferences. Forests exhibit higher LUEg¢ (Fig. 2E, F and G, see Sup-
plementary Methods) under Rjimate > -0.5 in July and August, with
higher monthly Pre, AET/PET and VPD (Fig. 2A, B and C); but forests
show lower LUEgc under Rejimate < -0.5 in July and August (Fig. 2 H),
with lower monthly Pre, AET/PET and higher monthly VPD (Fig. 2 D). In
July and August, the Fgy (light green curves in Fig. 2) and most satellite-
based photosynthetic proxies (Figure S3) also have higher values under
Relimate > -0.5 than under Rejimate < -0.5. This can be quantitatively re-
flected by the regression slopes of relationships between monthly LUEgc
(or Fgy) and months. Result shows more positive values for sites with
larger Relimate from April to September and more negative values for sites
with smaller Rjimate (Figure S4).

We calculated the CV of LUEg( for different bins of VPD (Supple-
mentary Methods). For sites where Rejimate < 0, results show that the
CV values firstly drop as VPD increases but then increase after VPD
is>10 hPa (Figure S5A). While, for sites where R¢jimate > 0, the CV
values always decrease as VPD increases (Figure S5B). Fig. 3 presents
the relationship between LUEgc and VPD in different AET/PET bins
fitted by both the locally weighted regression and cubic spline function
(see Supplementary Methods). For sites with Rejimate < 0, the LUEg¢
firstly increases as VPD increases under low VPD conditions (VPD <
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~5.0 hPa) and then decreases (for low soil water contents) or stays
stable (for higher soil water contents) when VPD becomes higher
(Fig. 3A). For sites with Rgjimate > 0, the LUEgc firstly decreases
continuously as VPD increases (Fig. 3B). It is interesting to see that our
finding from sites with R¢jjmate < O is consistent with the results of Zhou
et al. (2015), which showed that increases in VPD significantly pro-
moted photosynthesis when VPD was at a low value and inhibited
photosynthesis when VPD was high. This is probably because the VPD
rising is due to temperature warming and increased temperature pro-
motes photochemistry (Drake et al., 2017) and may also trigger new leaf
flush to increase photosynthesis capacity when there is rare soil water
stress. Notably, the LUEgc diverges with higher CV across different AET/
PET bins when VPD becomes higher for sites with Rejimate < O, while
LUEE( converges with lower CV between different AET/PET bins when
VPD becomes higher for sites with R¢jimate > 0. Similar results are found
when using the locally weighted regression (Figure S6). These results
indicate a weaker atmospheric water constraint on LUEgc where Rejimate
< 0 but a stronger atmospheric water constraint on LUEgc where Rejimate
> 0 (see Supplementary Methods). We further calculated the p values
of the dependence of LUEgc on soil moisture and VPD for each VPD
segments using a mixed-effect linear model (Figure S7). For sites with
Relimate < 0, LUEgc is significantly influenced by AET/PET (p value <
0.01), but it is less correlated to VPD (p value > 0.01). There is a similar
pattern for sites with Rejimate > 0, but under higher VPD conditions
LUEg is significantly influenced by VPD (p value < 0.01). These ana-
lyses support the idea that sites where R¢jimate > O exhibit stronger at-
mospheric dryness constraints on forest ecosystem under higher VPD
conditions.

3.2. Spatial patterns across the Northern Hemisphere

At the continental scale, we analyzed the forest areas using the
MODIS land cover products (MCD12Cl) (Sulla-Menashe & Friedl,
2018). We calculated pixel-based Rjimqr Of forestlands (map, Fig. 1A) to
further test our hypothesis that strong positive R jimqre also exhibits
strong positive Reonstraine Values and show strong seasonal atmospheric
water constraints on forest ecosystem. Results reveal that higher lati-
tudes show larger positive values of R jjmqte between monthly Pre and SW
(Figure S8). The monthly differences in Fgy (AFgy) during warm seasons
are shown in Fig. 4. The AFgy are strongly related to Rcjimate. Larger
R limae sShow larger positive values of AFgy from April to June, while
larger Rcimare Show more negative values of AFg, from July to
September. Our pixel-based analyses suggest no water constraint or
slight water constraints on Fqy under positive Rejimate during the early-to-
mid stage of the growing seasons (April to July). The Fqy then peaks in
July and temperature increases to the optimal values for plant photo-
synthesis, when there is still rare water constraint from atmospheric
dryness. But results show stronger water constraints on Fgy during the
end of growing season (around July to September).

4. Discussion

Although soil water availability and atmospheric dryness both
govern stomatal closure to regulate plant photosynthesis (Konings and
Gentine, 2016; Konings et al., 2017), understanding in which kind of
climates forests are more sensitive to either soil water availability or
atmospheric dryness or both is widely debated (Lobell et al., 2014; Zhou
et al., 2019b). A recent study based on SIF data showed that soil water
availability controlled global vegetation photosynthesis over larger
areas than atmospheric dryness (Liu et al., 2020). However, these results
were derived without removing the coincident impacts of photosyn-
thetically active radiation and absorbed fraction of photosynthetically
active radiation (Lu et al., 2022). By eliminating those parts of effects, Lu
et al. (2022) found that atmospheric dryness rather than soil water
availability dominated plant photosynthesis over more flux sites and
larger areas globally. Here, our findings showed clearly the spatial
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patterns of soil water availability and atmospheric dryness -dominated
ecoregions. The mid-to-high latitude forests with negative R¢jimate Usu-
ally encountered co-occurring high VPD and low AET/PET stresses. The
inflection point analysis of VPD against LUE (Methods) shows that the
thresholds (V;) of VPD for partitioning the sites under water stress in-
creases as AET/PET increases (Figure S9A). The sensitivity of LUEg( to
VPD is small for all AET/PET levels (Figure S9C). These analyses sup-
port that ecosystems with negative Rjimate usually display weaker at-
mospheric dryness stress and stronger soil moisture constraint on forest
photosynthesis. However, for forests with positive Rejimate, the V; values
vary slightly around 7.0 for various AET/PET levels (Figure S9B). But
the sensitivity of LUEgc to VPD decreases from positive values to nega-
tive values as AET/PET increases (Figure S9D). These results imply that
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forests with Rejimate > 0 show strong atmospheric dryness dependence of
photosynthesis. These forests exhibit higher seasonal photosynthesis
throughout the whole growing season than other forest types. Over the
globe, terrestrial pixels with Relimate > O showed larger coverage (68%)
than those with Rgjjmate < 0 (32%) (Figure S10). This implied strong
atmospheric water constraints on terrestrial forest photosynthesis,
similar with the conclusion of Lu et al. (2022). With increased global
VPD (Yuan et al., 2019), the ecoregions controlled by high atmospheric
dryness might be expanded in the future.

We also note that the influences of atmospheric dryness on plant
photosynthesis capacity is strongly related to the level of AET/PET
(Fig. 3). It is interesting that, only for Rejimate < O where precipitation
and radiation availability happens in different seasons, there is positive
increase of LUEgc with VPD when VPD < 5.0 hPa or at wetter conditions
AET/PET > 0.4, and a parabolic response of LUEgc to VPD at drier
conditions, with a decrease at high VPD when VPD > 5.0 hPa (Fig. 3A).
This implies that under wet conditions, there is sufficient soil water
supply for atmospheric water demands where energy is limited. Plant
photosynthesis is rarely limited with VPD increases; on the contrary,
plant photosynthesis increases as climate becomes warmer in the
growing seasons. Under drier conditions, high VPD will force plants to
prevent excessive water loss, which in turn inhibits leaf photosynthesis
(Cowan and Farquhar, 1977; Oren et al., 1999; McAdam and Brodribb,
2015). This can also be reflected by the negative correlation between
AET/PET and the Bowen ratio (Figure S11A). When the Bowen ratio
becomes very large, the surface has very little water to be transpired into
atmosphere and evaporation is mostly dependent on available energy (i.
e., atmospheric demands for water). Conversely, when the Bowen ratio
becomes very small, it is in wet areas and there are rare limitations on
the removal of surface water into atmosphere. The evapotranspiration is
more dependent on the supply of unsaturated atmospheric air (i.e., soil
water supply) (Dickinson, 1995; Hartmann, 2009). So, forests with a
smaller Bowen ratio, usually with higher AET/PET ratio, show larger
average photosynthesis capacities than those with a higher Bowen ratio
(i.e. lower AET/PET) (Figure S11B).

Our analyses point to the importance of the coupling of rainfall and
radiation in influencing the responses of forest photosynthesis to vari-
ability of soil water and atmospheric dryness. It provides a better un-
derstanding of the coupled terrestrial carbon uptakes, energy exchanges,
and water transfers. Ignoring these differences in low soil moisture and
high atmospheric dryness constraints on forest photosynthesis in
different radiation-rainfall coupling climates will lead to incorrect pro-
jections of plant phenological and physiological responses to ongoing
climate change. However, the effects of seasonal temperature distur-
bances on forest photosynthesis are not excluded when exploring the soil
and atmospheric water constraints. This might bring uncertainty and
needs further in-depth studies.
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