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The land biosphere is a crucial component of the Earth system that interacts with the atmosphere in a complex
manner through manifold feedback processes. These relationships are bidirectional, as climate affects our terrestrial
ecosystems, which, in turn, influence climate. Great progress has been made in understanding the local interactions
between the terrestrial biosphere and climate, but influences from remote regions through energy and water influxes
to downwind ecosystems remain less explored. Using a Lagrangian trajectory model driven by atmospheric reanal-
ysis data, we show how heat and moisture advection affect gross carbon production at interannual scales and in
different ecoregions across the globe. For water-limited regions, results show a detrimental effect on ecosystem pro-
ductivity during periods of enhanced heat and reduced moisture advection. These periods are typically associated
with winds that disproportionately come from continental source regions, as well as positive sensible heat flux and
negative latent heat flux anomalies in those upwind locations. Our results underline the vulnerability of ecosystems
to the occurrence of upwind climatic extremes and highlight the importance of the latter for the spatiotemporal
propagation of ecosystem disturbances.
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Introduction storms and gale winds,®” landslides,® beetles,”!°
or logging'!—reduce the net carbon sink. Glob-
ally, increasing GPP trends have been observed
in recent decades following the enhanced CO,
concentrations!? and despite potential nutrient
constraints.!>14

Terrestrial ecosystems also affect weather and
climate through transpiration, induced changes in
winds and mesoscale circulation,'>!® and impacts
on the surface radiation budget associated with the
low albedo of vegetation.!”!® Plants need water,
light, and nutrients to survive, and thus their pro-
ductivity depends on the properties of the soil
in which they grow and the climate conditions
they are exposed to. In the long term, the average
patterns of precipitation, temperature, and solar
radiation determine the dominant natural ecosys-
tem in a region,'”” which enables a categorization
of ecosystems into water and energy limited.”* At
interannual scales, climate variability dictates the
dynamics in vegetation productivity.”’ Whether

Terrestrial ecosystems sequester large quantities of
carbon via photosynthesis: soil and vegetation store
roughly triple the amount of carbon compared with
the atmosphere. The land biosphere has absorbed
about a quarter of all anthropogenic carbon dioxide
(CO,) emissions since the Industrial Revolution'
and, together with the ocean, dominates natural
carbon removal processes at decadal timescales.?
Therefore, terrestrial biomes bear significant poten-
tial to dampen the impact of rising greenhouse gas
concentrations.” The CO, fixed by plants and
converted to organic carbon in ecosystems is col-
lectively referred to as gross primary production
(GPP), which is partly counteracted by the release
of CO, through autotrophic respiration; their
balance determines biomass growth, thus the net
carbon sink by vegetation. At the ecosystem scale,
heterotrophic respiration by soil microbes and
animals,” but also disturbances—such as wildfires,’
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Figure 1. Ecosystems’ optimum temperature?* and a mini-
mum (critical) level of soil moisture?® for which productivity
is maximized (Topt and SMrit, respectively). As soon as Tyt is
exceeded, heat advection is expected to have adverse effects on
productivity (heat-stressed types, I and IT), whereas higher heat
advection is favorable below T,y (energy-limited types, IIT and
IV). Similarly, if soils are below SMi, productivity is reduced
(water-limited types, I and III). Note that this schematic is a
simplification: it does not account for adverse effects of water-
logging on productivity;”° it illustrates the temperature opti-
mality function as symmetric, and it depicts the soil moisture
function as piecewise linear.

the terrestrial carbon sink is primarily driven by
precipitation or temperature at interannual scales
remains highly controversial to this day.*>**

As illustrated in Figure 1, air temperatures are
generally below the respective optimum in energy-
limited ecosystems,** hence periods of anomalously
high temperatures tend to enhance GPP.*> By con-
trast, soil moisture is often below the critical level
in water-limited regions, thus plant productivity
is hampered when precipitation becomes even
lower.?*?” Moreover, in climate regimes that are
both dry and hot, ecosystems are often not only
water limited but also subject to heat stress: temper-
ature increases may be detrimental to GPP** Given
the negative effects of water and heat stress on pro-
ductivity, the projected aggravation of droughts and
heatwaves may reduce the terrestrial ecosystem car-
bon sink.?® During the last decades, heatwave and
drought events caused a net loss of carbon from the
terrestrial biosphere,?’ thus supporting this expec-
tation. For example, the 2003 mega-heatwave in
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Western Europe resulted in a multiple years’ worth
of net carbon uptakes being undone.*® During the
2010 mega-heatwave in European Russia, the com-
bined effect of elevated temperatures, above-average
solar radiation, low relative humidity, and reduced
precipitation increased GPP in northern forests, yet
croplands and more southern forests suffered from
a strong decrease in productivity.’! Part of this was
related to species-dependent responses: isohydric
species (e.g., Aleppo pine trees®?) close their stom-
ata more efficiently to conserve water compared
with anisohydric ones (e.g., most crops®). Other
hydraulic traits—such as root depth, xylem con-
ductivity, or water use efficiency—are also crucial
in determining the impact of water and heat stress
on productivity.?”**

While the importance of local climate for veg-
etation dynamics has been well established, the
larger-scale mechanisms responsible for these
local climatic conditions remain largely unex-
plored in the context of terrestrial ecosystem
functioning. As the atmosphere transports heat and
moisture through continuous circulation,® local
climate is ultimately determined not just by the
surface-atmosphere heat and moisture fluxes, in
conjunction with the entrainment at the top of the
atmospheric boundary layer (ABL) from aloft, but
also by the heat and moisture advected from upwind
regions. The importance of moisture advection is
illustrated by the vast amounts of water evaporating
over the oceans that result in continental precipi-
tation, often thousands of kilometers downwind.?®
The relevance of atmospheric moisture transport
for the occurrence of extreme precipitation®’>° and
drought events®®™* has been extensively studied.
In addition, analyses of atmospheric heat advection
have enabled new insights into the occurrence of
heatwaves***> and the propagation of drought and
heatwaves as compound events.***” On the other
hand, the dependency of terrestrial ecosystem
dynamics on moisture advection has seldom been
investigated,*>*® and, to the authors’ knowledge,
no emphasis has been placed on the role of heat
advection for primary productivity.’

Here, we make the use of a recently introduced
Lagrangian framework driven by reanalysis data
(see below) to trace the origins of heat and moisture
in water- and energy-limited ecosystems world-
wide and to test two hypotheses. The first is that the
atmospheric inflow of moisture and heat critically
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influences ecosystem productivity and thus may
be utilized for the estimation of GPP. To test this
hypothesis, the links between growing-season GPP
and concurrent atmospheric transport of moisture
and heat are explored, focusing on two ecoregions
in Europe, one primarily water limited and one
primarily energy limited. The second hypothesis
is that growing seasons with unusually low peak
productivity in water-limited ecosystems are asso-
ciated with (positive) negative anomalies in (heat)
moisture advection. To test this, the focus is shifted
toward five semiarid ecoregions located in different
continents. Overall, this study aims to improve the
understanding of the effect of heat and moisture
advection on ecosystem productivity worldwide.

Data and methods

In this study, a Lagrangian trajectory model was
employed to identify the origins of advected heat
and moisture, including a bias correction based on
observations. To investigate the first hypothesis,
the analysis begins with two European ecoregions,
followed by an extension to five global ecoregions
for the second hypothesis. In the following sections,
data and methods are separately presented.

Data
Global GPP data from FLUXCOM RS+
METEO,***" available at a horizontal resolu-
tion of 0.5 x 0.5° and from 1980 to 2013, were used.
This dataset, based on eddy-covariance and satellite
observations, was employed at monthly timescales
and downscaled to 0.25 x 0.25° via bilinear interpo-
lation to analyze the effect of local climate variables
on GPP in Europe, and then upscaled to 1.0 x 1.0°
to define global ecoregions. To avoid the influence
of long-term trends in GPP°! all time series were
calculated on the basis of the native resolution and
area weighted before being linearly detrended.
Data from the European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalysis
(ERA-Interim)*> were employed to drive the
Lagrangian trajectory model FLEXPART. Data
include 3D wind, humidity, and temperature fields
at 1.0 x 1.0° horizontal resolution and at 61 vertical
levels (1000-0.1 hPa). The reader is referred to Ref.
53 for a detailed list of FLEXPART input variables.
In addition, precipitation data were taken from
Multi-Source Weighted-Ensemble Precipitation
(MSWEP) version 1.1, available from 1979 to 2015
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at 3-hourly steps and 0.25 x 0.25° resolution and
obtained by merging gauge, satellite, and reanalysis
data.>* Two-meter air temperatures were obtained
from CRUNCEP version 7, a blend of Climatic
Research Unit data and National Centers for Envi-
ronmental Prediction reanalysis data, available in
6-hourly steps from 1901 to 2016 at 0.5 x 0.5°
resolution.”® Data were downscaled to 0.25 x 0.25°
via bilinear interpolation.

Surface sensible and latent heat (or evaporation)
fluxes were taken from the Global Land Evapora-
tion Amsterdam Model (GLEAM) version 3.2a.°%°7
GLEAM is a process-based (yet semiempirical)
model ingesting satellite and reanalysis data that
is primarily intended to estimate terrestrial evap-
oration but from which sensible heat fluxes can
be obtained as the residual in the surface energy
balance. Data are available from 1980 to present, at
daily timesteps and 0.25 x 0.25° resolution. Over
oceans, Objectively Analyzed Air-Sea Heat Fluxes
(OAFlux) data were employed.”® OAFlux data are
publicly available at daily timesteps from 1985 until
present, and at 1.0 x 1.0° resolution. Note that
owing to the lack of daily OAFlux data before 1985,
ocean surface sensible and latent heat fluxes were
taken from ERA-Interim from 1980 to 1985.

Methods

Ecoregion delineation. The first part of the study
evaluates the impact of atmospheric advection
on ecosystem productivity for two ecoregions in
Europe, one water and one (predominantly) energy
limited (see Fig. 2A). The second part of the study
aims to unravel the impact of heat and moisture
advection on the occurrence of low productivity
extremes and focuses on five global ecoregions with
large interannual variability in ecosystem produc-
tivity (see Fig. 2B). In both parts, these ecoregions
are considered as sinks in the application of the
Lagrangian heat and moisture tracking framework
(see below). The first part of the study focuses on
the growing season over Europe, here defined as
February through April. Following the rationale
that water and energy limitations can be defined
on the basis of the relationship between GPP and
local climatic variables, growing-season GPP was
correlated with the corresponding air temperature
(CRUNCEP) and precipitation (MSWEP), per
pixel, and at a resolution of 0.25 x 0.25°. The
resulting Spearman correlation coefficients were
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Figure 2. Delineation of the ecoregions considered as sinks of heat and moisture. (A) Spearman correlation coefficients between
growing-season (FMA) GPP and local temperature (strong relationships indicated by red), and between GPP and precipitation
(blue), based on 1980-2013. The two green boxes correspond to the (predominantly) water- and energy-limited ecoregions, respec-
tively, used in the first half of the study. (B) Global hotspots of interannual GPP variability, based on the maximum normalized
monthly standard deviation of GPP (1980-2013). The green contours mark the five ecoregions subject to strong interannual GPP

variability that are investigated in the second half of the study.

used to select a predominantly water-limited and a
predominantly energy-limited ecoregion (Fig. 2A).

The second part of the study extends to the
entire globe, focusing on ecoregions of high GPP
interannual variability and potentially subject to
strong interannual anomalies in heat and moisture
advection. To define these ecoregions, the GPP
data were first resampled to the same 1.0 x 1.0°
grid employed for tracking heat and moisture (see
below). Then, standard deviations per pixel were
calculated for each month of the year, considering
the 1980-2013 record (i.e., based on 34 values).
The month of maximum interannual variabil-
ity per pixel was then selected on the basis of
these standard deviations. The standard deviation
for that month, hereafter referred to as the “peak

month,” was then normalized by the annual average
GPP of the corresponding pixel. Regions in which
this normalized standard deviation exceeds 0.25
and for which the timing of the peak month agrees
within +1 month were selected—this procedure
is analogous to that in Ref. 48 and results in five
ecoregions worldwide (Fig. 2B). Note that the peak
month varies per ecoregions (Fig. S1, online only).

Lagrangian simulations. The heat and mois-
ture tracking framework used here is based on
the Lagrangian particle dispersion model FLEX-
PART v9.0,°>*° which was originally developed
to trace radioactive particles in the atmosphere
but has already been applied in many studies of
the hydrological cycle (e.g., Ref. 36, 37, and 60).
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FLEXPART represents the flowing atmosphere by
many parcels of air that can be tracked back in
time, and enables the identification of moisture and
heat origins through parcel property changes along
those backward trajectories (Ref. 47 and Keune
et al., in preparation).

In this study, the European FLEXPART simula-
tions from Ref. 47 and 61 and the global simula-
tions from Ref. 62 were employed to address the
two main hypotheses, respectively. In both simula-
tions, FLEXPART was driven by the ERA-Interim
reanalyses and initialized with approximately 2
million homogeneously distributed parcels of
identical mass. The different domain sizes (i.e.,
European versus global) represent the most notable
difference between the simulations; consequently,
the European setup has a higher parcel density
and is thus associated with less noise. For details
about the setup of both model simulations, the
reader is referred to the above referenced studies.
The model output comprises 6-hourly values of
parcel positions (latitude, longitude, and height)
and properties (e.g., density, specific humidity,
and temperature) and the respective ABL height,
which enables a process-based quantification of
source-receptor relationships.®

Estimation and attribution of heat and moisture
advection. The advection of heat and moisture
was determined by a “backward analysis” in four
steps: (1) selection of air parcels residing over ecore-
gions, (2) tracking of selected parcels back in time,
(3) diagnosis of source regions, and (4) summing
of uptakes across each trajectory. The first step
differs between heat and moisture. To assess the
origin of advected heat in the atmosphere, only air
parcels arriving in the ABL of the respective ecore-
gion were analyzed, following the methodology
described in Ref. 47. For moisture, only air parcels
that ultimately result in precipitation over the cor-
responding ecoregion were selected, which thus led
to different subsets of air parcels (for heat and mois-
ture) that were subsequently traced back in time.
In the second step, backward trajectories of those
selected parcels were constructed. In reference to
the global average residence time of moisture in
the atmosphere® and the inherent limits posed by
trajectory inaccuracies,®® backward trajectories up
to 10 days were evaluated—the relevance of this 10-
day threshold is explored further below. In the third
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step, changes of potential temperature and specific
humidity, assumed to be associated with surface
sensible and latent fluxes, were calculated; locations
where temperature and humidity increase over
time indicate heat and moisture source regions,
respectively. As in Ref. 63, positive changes between
6-hourly analysis steps (00, 06, 12, and 18 UTC),
that is, heat and moisture “uptakes,” were allocated
to intermediate parcel positions (at 03, 09, 15, and
21 UTC) and calculated as geographical midpoints.
For simplicity, the advected surface sensible heat
(H,qv) is referred to as “advected heat” hereafter, and
the advected surface evaporation leading to precipi-
tation (Eaqv(p)) is referred to as “advected moisture.”

A series of process-based criteria were applied
during these four steps. The ABL is assumed to
be well mixed: moisture increases within the ABL
reflect surface evaporation events, and potential
temperature increases reflect surface sensible heat
fluxes, constituting the backbone of our moisture
and heat tracking framework. Concerning heat, a
similar approach has been applied by, for example,
Ref. 44, in which the authors were able to disen-
tangle temperature increases caused by adiabatic
compression from diabatic heating because of sur-
face sensible heating. Building upon their findings,
we implemented a similar approach with which
we can quantify the surface sensible heat flux from
changes in potential temperature globally. To this
end, the same ABL definition as in Ref. 47 was used
to diagnose both sensible heat and evaporation,
based on 6-hourly changes in dry static energy (s)
and specific humidity (g) along parcel trajectories.
In short, the largest among the two ABL heights
associated with potential uptakes (one at the begin-
ning and one at the end of any 6-hourly period)
and at the corresponding parcel location serves as
a maximum allowed height. Only air parcels that
remain below this maximum height during s or g
uptakes are considered. For precipitation, a relative
humidity threshold of 80% was employed, as in Ref.
63. A minimum threshold of q change was con-
sidered for evaporation (Aguinr) = 0.2 g/kg) and
precipitation (Agminp) = —0.2 g/kg).>  Analo-
gously, a minimum s increase (Asinry = 1 kJ/kg,
corresponding to a potential temperature rise of
1 K) was required to diagnose a sensible heat
uptake—see Ref. 47. Note that in this frame-
work, As > As,,,y) only accounts for the effect
of surface heating on the ABL, not explicitly
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considering processes such as heat diffusion, radi-
ation, and phase changes. Similarly, Aq > Agmin(g)
within the ABL is assumed to represent surface
evaporation.

It is important to note that even though our
ABL definition is designed to avoid the detection
of changes owing to air parcels being mixed into
the ABL from aloft, entrainment of heat and (to a
lesser extent) moisture still occurs. Higher surface
sensible heat fluxes imply stronger ABL growth,
and thus more entrainment of tropospheric air at
higher potential temperature than the ABL (e.g.,
Ref. 66). Entrainment generally contributes about
20% of additional heat compared with surface heat-
ing under purely convective conditions.” In the
presence of high mechanical turbulence, this ratio
has been reported to increase up to, or even beyond,
30-40%,%%70 being influenced by the vertical sta-
bility of the atmosphere, surface conditions, and
boundary layer dynamics.”! As a consequence, the
approach used here tends to overestimate surface
sensible heat fluxes and is thus accompanied by a
bias correction (see further below).

Thresholds (Aqminp)> AGmin(e)> and ASpincr))
were applied to reduce errors associated with, for
example, numerical noise, interpolation, or the
incorporation of mixing processes.”? To assess the
influence of the choice of values for these thresh-
olds, a sensitivity analysis was performed in the
first part of the study for which Aguinp), Agmin(e)»
and Asy, ) were either set to zero, or doubled.
Moreover, the ABL criterion from Ref. 47 was (1)
relaxed (i.e., air parcels are only required to reside
within the maximum allowed height either before
or after a potential uptake event), as well as (2)
tightened (air parcels must be in the ABL both
before and after an uptake, based on the respective
ABL height, not the maximum). Next, moisture and
heat uptakes were corrected (or “discounted”; see
Ref. 63) by moisture losses (e.g., precipitation) or
cooling (e.g., nighttime cooling) occurring en route
to the sink region. For moisture, this procedure
enables the representation of each g uptake (source)
as a fraction of the total specific humidity before any
precipitation event over the ecoregions (sink), and
thus the estimation of source-sink relationships.
As remote source regions are usually separated
by several intermittent precipitation events from
the ecoregion, these areas naturally contribute less
precipitating moisture than source regions in close
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vicinity of the ecoregion. The applied discounting
can thus effectively shorten trajectories, leading to
atmospheric moisture residence times well below
10 days, in analogy with the results of Ref. 73 and
74. Although the resulting residence times might
be on the lower end of the literature-reported
estimates (see references therein), the corrections
en route are essential to achieve mass and energy
conservation.

Even though the choice of a maximum trajectory
length is a hard limit for the residence time, the
latter is first and foremost a consequence of the
frequency and magnitude of moisture uptakes
and losses along trajectories. Therefore, the resi-
dence times are not explicitly prescribed here, but
rather limited to a maximum of 10 days because
of accuracy constraints."%%>75 This choice can
be considered as a trade-off between precision and
unallocated moisture owing to not tracking further
back in time. Still, the ensemble of simulations was
expanded here to explore the influence of 5- and
15-day maximum trajectories. The final ensemble
thus consists of 27 individual members. Note that,
in this framework, heat is treated analogously to
moisture.”’ As already reported by Ref. 76 and con-
firmed by our analysis, despite regional differences,
extending trajectories beyond 10 days only results
in a slight increase in “explained moisture” (see
Figs. S2 and S3, online only).

Finally, in the fourth step, the total advection
of heat and moisture to an ecoregion was approxi-
mated by the sum of the uptakes of s and g through

k, —20,—40,—60

Hav Y Y (As) oy xF.
=1 t=0

Fy = 1if Hdiagnosed, else Fy =0, (1)

and

kp  —20,—40,—60

Eap) Y > (AQ)jixEr,
=1 =0

Fp = 1if Ediagnosed, else F;y =0, (2)

respectively. The sum was calculated over all k, and
k, available trajectories and 40 timesteps ¢ extending
into the past by 6-hourly increments for the trajec-
tory length of 10 days (as well as 5 or 15 days in case
of the aforementioned ensemble calculations). Note
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that only positive and discounted contributions are
considered through the multiplication by F; and Fg,
which are 1 if the contributions are associated with
surface sensible heat fluxes (H) and surface evap-
oration (E), and 0 otherwise. H,q, and E,qyp) were
calculated on the basis of backward trajectories for
every 6-hourly timestep, and daily sums of E and H
were bias corrected with observation-based evap-
oration and sensible heat datasets from GLEAM
(regridded to 1.0 x 1.0°) and OAFlux, respectively
(see above and Ref. 47 for details). Finally, the daily
transport of heat and moisture from surround-
ing and remote source regions to each ecoregion
was aggregated over time to obtain single values
for Hygy and E,qy(p) per season, representing the
average advection of heat and moisture.

Estimation of advection impacts on productiv-
ity. For the first part of the study, growing-season
GPP was related to the advection of heat and mois-
ture to two primarily water- and energy-limited
ecoregions in Europe, for which only transport
from beyond ecoregion boundaries was considered.
To assess this relationship between GPP and advec-
tion, a multiple linear regression was employed and
the variance of GPP explained by heat and mois-
ture advection was expressed as the coefficient of
determination. The linear regression was set up as:

GPP;St = aH/adv + bE;dv(P)’ (3)
where the prime represents standardized anomalies
with respect to the climatology, so that the intercept
is zero, and the target variable is GPP’ ,ps. The result-
ing coefficient of determination was defined as:

R?> = SSR/SST, (4)
where the regression sum of squares (SSR) was cal-
culated as:

J=34
SSR = Z G — 9%

j=1

(5)

that is, the squared differences between the predic-
tor variable j, here anomalies of H,4y and E,qyp),
and the interannual mean of the target variable y,
here GPP’ s, summed up over 34 seasons (1980-
2013). Note that since the regression was based on

Moisture and heat advection to ecosystems

standardized anomalies, y = GP',4 = 0. Likewise,
the total sum of squares (SST) was defined as:

J=34

SSR=> " (y; — ).

j=1

(6)

For the second part of the study, area-weighted
ecoregion averages of GPP were calculated on the
basis of the original GPP dataset at 0.5 x 0.5°, but
only for the respective month of maximum inter-
annual variability per pixel (i.e., the “peak month,”
see Fig. S1, online only). The first and fourth
quartiles—that is, the 9 years of lowest and highest
GPP during the corresponding peak month—were
considered separately. To take soil moisture mem-
ory into account, the heat and moisture advection
during the peak month and the two antecedent
months was considered. The advected heat and
moisture during low GPP years was compared with
the corresponding climatological expectation in
order to focus on the anomalies in GPP and to assess
their relationship to spatial anomalies in the origin
and magnitude of moisture and heat advection.

Results and discussion

Estimation of ecosystem productivity based
on moisture and heat advection

Considering that the local climate is inher-
ently related to atmospheric advection, the first
hypothesis—that vegetation dynamics thus also
depend on heat and moisture advection—appears
intuitive. To the authors’ knowledge, however, this
relationship has never been scrutinized explicitly.
Here, the influence of atmospheric advection of
heat and moisture on ecosystem productivity was
assessed by analyzing two ecoregions with differing
characteristics: one water limited and one primarily
energy limited (see Methods for the identification
of these regions). Figure 2A shows the location
of these two regions (in the Iberian Peninsula
and Belarus), with the background illustrating the
correlations of growing-season GPP versus precipi-
tation and temperature. The north-south gradients
in these correlations, indicating a transition from
energy- to water-limited regimes, are in line with
previous findings.*>””"7° It is important to note,
however, that these limitations may vary through-
out the growing season; Mediterranean ecosystems,
for example, are expected to slowly transition from
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Figure 3. Standardized anomalies in heat (H',4y) and moisture advection (E'4v(p)) and growing-season GPP (GPP’ ). Individ-
ual members and ensemble mean are shown as semitransparent and opaque lines, respectively. The red and blue bars to the right
of the time series denote the ensemble mean-explained variances of GPP’ s by H' 34y and E' 44y(p), respectively, whereas the black
bar denotes the estimated GPP anomaly (GPP’ ) obtained using the advection estimates of heat and moisture. Results are shown
for (A) a predominantly water-limited ecoregion over the Iberian Peninsula, and (B) a more energy-limited region centered on
Belarus. See Fig. 2A for the precise location of these two regions. Note that the red and blue bars do not add up to the black bar
because of covariances between advected quantities (see Methods).

being predominantly energy limited to water lim-
ited toward the end of the season (see, e.g., Ref. 80).

To assess the dependency of GPP on heat and
moisture advection, and thus the potential to pre-
dict GPP on the basis of advection fluxes, a multiple
linear regression model was used (see Methods).
Figure 3 shows the time series of standard-

ized anomalies of growing-season productivity
(GPP',ps), advection anomalies (H' 4y and E'jqy(p)),
the coefficients of determination (R?) for both,
and the estimated productivity (GPP'e) for the
two ecosystems. The results indicate that about
half of the GPP',s variance can be attributed to
atmospheric transport of heat and moisture for

130 Ann. N.Y. Acad. Sci. 1472 (2020) 123-138 © 2020 The Authors. Annals of the New York Academy of Sciences published

by Wiley Periodicals, LLC on behalf of New York Academy of Sciences.



Schumacher et al.

both ecosystems, with R* = 0.48 for the ecoregion
centered on Belarus and 0.62 for the Mediterranean
ecoregion. For the latter (predominantly) water-
limited ecoregion, this is largely due to moisture
advection, which by itself can already account for
more than half of the variance of GPP’ 1, (R?> = 0.56,
blue bar in Fig. 3A). For the more energy-limited
ecoregion, the pattern is reversed, with moisture
advection accounting for a lower share of GPP’ g
variance (R* = 0.23, blue bar in Fig. 3B) than heat
advection (R?> = 0.48).

These findings are in line with expectations: the
predominantly water-driven ecoregion is affected
mainly by advected moisture, whereas for the pri-
marily energy-limited ecoregion, heat advection
is a more influential driver of GPP. Our hypoth-
esis builds upon the knowledge that ecosystems
respond to local climate conditions and that the lat-
ter, in turn, depend on advected heat and moisture
fluxes. Therefore, the variance in GPP must also
be explained by ecoregion’s local precipitation and
temperature (see Fig. S4, online only). Moreover, it
should be considered that not just heat advection
but also radiation and local land feedbacks affect
local temperatures. This explains the higher predic-
tive power for local temperature (R*> = 0.71) than
advected heat (R*> = 0.48) in the energy-limited
ecoregion. Advected moisture, however, shows a
predictive power (R*> = 0.56) that is comparable
to that of local precipitation (R*> = 0.48) in the
water-limited region.

It should be noted here that these results are
subject to the uncertainty associated with assump-
tions in the Lagrangian heat and moisture tracking
framework. To investigate this uncertainty, the
default uptake thresholds were doubled and set to
zero, the ABL criterion was relaxed and tightened,
and the maximum trajectory length was lowered
and increased by 5 days (see Methods for more
details). As evident in Figure 3, each of the 27
individual advected heat and moisture estimates
from the uncertainty ensemble results in similar
GPP' (semitransparent black lines). The results
of the Belarusian ecoregion (Fig. 3B) demonstrate
low sensitivity to inherent assumptions: the R*
of moisture (heat) advection ranges from 0.22 to
0.25 (0.44-0.52), and thus varies between 0.44 and
0.52 for GPP'y. For the primarily water-limited
ecoregion (Fig. 3A), the results are even more cer-
tain, as advected heat does not covary with GPP’ s

Moisture and heat advection to ecosystems

(R? ranges from 0.0 to 0.01), whereas for advected
moisture, R? varies from 0.56 to 0.57, and from 0.61
to 0.63 for GPP'y using both advection terms. In
light of this uncertainty analysis, the results in Fig-
ure 3 indicate that ecosystem GPP can be deduced
on the basis of moisture and heat advection during
the growing season. The added value of studying
atmospheric transfer of heat and moisture, instead
of focusing on local climate variables as predictors
of GPP variability, stems from the fact that advected
quantities represent actual fluxes of energy and
water and their origins can be inferred, so that GPP
variability may be mechanistically connected to
remote anomalies (e.g., sea surface temperature
or soil moisture). These mechanisms could be
exploited to allow for an earlier prediction of the
ecosystem productivity.

Impact of advection on ecosystem
productivity extremes

Since the influence of heat and moisture advection
on ecosystem GPP has been demonstrated, next,
we investigated whether low productivity growing
seasons are associated with anomalous atmo-
spheric inflow of heat and moisture. To address this
question, five ecoregions around the globe with par-
ticularly high interannual variability in GPP were
first identified using the maximum normalized
standard deviation of GPP per month (Fig. 2B).
The GPP variability from year to year is the largest
during the respective hemispheric summer (Fig. S1,
online only). The five ecoregions selected to test the
aforementioned hypothesis include the Northern
Great Plains (NGP) in North America, the Sahel
(SAH), Western Manchuria and Eastern Mongo-
lia (including parts of the Gobi Desert) (MON),
continental Eastern Australia (AUS), and the Kala-
hari Desert (KAL). These ecoregions of strong
GPP interannual variability correspond well to
primarily transitional, water-limited ecoregions*®#!
that are prone to experience summer drought and
heatwaves (type I regions in Fig. 1).

For all five ecoregions, Figure 4 shows the
anomalies in the origin of advected heat and mois-
ture (and their magnitude) during low-GPP years
(see Methods); the corresponding climatological
source region is illustrated by black contours. Red
(blue) colors in Figure 4A show areas that con-
tribute more (less) heat during low-GPP years than
in average years. Analogously, green (brown) colors
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Figure 4. Anomalies in heat and moisture contributions during low-GPP years. (A) Advected heat to our five ecoregions (white
contours), expressed as anomalies for the respective peak month (Fig. 2B and Fig. S1, online only) and the two antecedent
months. The climatological mean source regions are delineated using black contours, such that 80% of the average advected heat
is accounted for by the smallest possible selection of source pixels. (B) Like panel A, but for advected moisture.

in Figure 4B indicate areas that contribute more
(less) moisture. In general, Figure 4 shows that low-
GPP vyears are associated with positive anomalies
of heat advection to the ecoregions and negative
anomalies of moisture advection. Over NGP, low-
GPP years are associated with anomalously high
amounts of heat originating in the west (Pacific
coast of North America) and anomalously low
contributions from the east. Simultaneously, most
areas in North America contribute less moisture
during these years. For SAH, the climatological
moisture source (see black contour in Fig. 4B)
consists mostly of the wetter savannah and forests
in the south and the Gulf of Guinea (see also Ref.
82 and 83). However, the climatological heat source
in SAH (see black contour in Fig. 4A) only partly

overlaps with the moisture source, being located
more toward the northeast. During low-GPP years,
SAH receives much more heat from the Sahara and
much less moisture from more densely vegetated
land areas in West Africa, the Gulf of Guinea, and
the Atlantic Ocean. Similarly, low productivity
times in AUS are associated with unusually large
amounts of heat from inland and less moisture
from the Pacific Ocean and the subtropical forests
up north. Finally, both MON and KAL further
confirm the hypothesis that anomalously high heat
advection along with anomalously low moisture
advection is associated with low GPP in these (type
I) regions. Once again, it is mostly the continental
heat and moisture sources in these regions that
are responsible for the anomalies in GPP, and not
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Figure 5. Winds and surface fluxes during low-GPP years. (A) Mean near-surface winds (ERA-Interim) during low-GPP seasons,
colored green (purple) when mean wind speeds are higher (lower) than the climatology. (B) Surface sensible heat flux anomalies.
(C) Evaporation anomalies. (D) Precipitation anomalies. In all plots, ecoregions are indicated by dark (A) or white (B-D) contours;
for panels B and C, climatologically advected heat and moisture source regions are visualized by dark contours (as in Fig. 4),
defined so that 80% of the average advected heat or moisture is explained by the lowest possible number of source pixels. Oceanic

surface fluxes were bilinearly interpolated to match the native 0.25 x 0.25° horizontal resolution of terrestrial data used here.

the oceanic counterparts. This finding highlights
the important role of upwind land-atmosphere
interactions for downwind advection, temperature,
precipitation, and ecosystem health.*”48

To facilitate the interpretation of the advection
anomalies (Fig. 4), we explored the mean near-
surface wind direction and speed during low-GPP

years (Fig. 5A), as well as the sign of the wind
speed anomalies (indicated by the color of each
arrow)—wind direction anomalies are not shown
because average wind directions are only marginally
different (Fig. S5, online only). In addition, sur-
face sensible heat (Fig. 5B), evaporation (Fig. 5C),
and precipitation (Fig. 5D) anomalies are also

Ann. N.Y. Acad. Sci. 1472 (2020) 123-138 © 2020 The Authors. Annals of the New York Academy of Sciences published 133

by Wiley Periodicals, LLC on behalf of New York Academy of Sciences.



Moisture and heat advection to ecosystems

illustrated. The average precipitation (accumulated
during the month of low GPP and the two previous
ones) falls below the climatological expectation for
every single ecoregion (brown colors in Fig. 5D), in
agreement with the moisture advection anomalies
shown in Figure 4B. Note that the precipitation
patterns seen in Figure 5D are induced by a mixture
of anomalous circulation, anomalies in upwind
turbulent fluxes, and the overall stability of the
atmosphere. Upwind of NGP, sensible (latent) heat
fluxes are higher (lower) than usual at low produc-
tivity times (see red and brown colors in Fig. 5B
and C). NGP normally receives large amounts of
moisture from the Gulf of Mexico via a low-level
jet.%* As evidenced by the anomalies in near-surface
winds, this mechanism is less efficient during low
GPP years—see purple arrows between NGP and
the Gulf of Mexico in Figure 5A, which indicate
that less air is transported northward and more air
is advected from the west and northwest, where
the sensible heat flux (evaporation) is anomalously
high (low).

Over SAH, anomalous amounts of sensible heat
originate in the ecoregion itself during low-GPP
years, accompanied by above-average transport
of heat from the Sahara and even remote regions
such as the (eastern) Mediterranean (Fig. 5A). The
lower-than-usual wind speeds from the southwest
(Fig. 5A) agree with the moisture uptake deficits
in those regions (Fig. 4B) and may be connected
to below-average monsoonal circulation or a
weak West African westerly jet.®> This leads to an
enhanced Saharan influence and a reduced oceanic
influence on SAH, and diminishes vegetation
productivity. Inside and around MON, with the
exception of the areas to the north, surface sensible
heat is positively anomalous and evaporation neg-
atively anomalous during low-GPP years (Fig. 5B
and C), and a large encompassing area tends to
receive less precipitation than on average (Fig. 5D).
Counterintuitively, both the inflow of air (Fig. 5A)
and evaporation (Fig. 5C) in the northwest are
anomalously high; yet, only a small area (green
patch northwest of MON) actually contributes
more moisture than usual to the precipitation in the
region (Fig. 4B). As for SAH, (summer) precipita-
tion in MON is largely controlled by the strength of
the monsoon.®®%” The extensive negative anomalies
of advected moisture (Fig. 5B) that result in anoma-
lies in precipitation (Fig. 5D) may thus be linked to
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the East Asian monsoon, for which breaks in the
rainy period over MON are common.®® Moreover,
the enhanced heat inflow from the west during low-
GPP years is arguably enabled by above-average
surface heating and not purely caused by anomalous
circulation, as westerly inflow is not strengthened
compared with normal years (Fig. 5A).

The two remaining ecoregions—AUS and KAL—
are in the Southern Hemisphere, with February
being their month of maximum GPP variability.
KAL typically receives moisture from the Indian
Ocean (black contour in Fig. 4B) via the Botswana
low-level jet,*>* but the source region also covers
the northern forested regions. AUS, on the other
hand, is adjacent to northern areas that receive
almost exclusively monsoonal precipitation during
austral summer.®> The analysis of wind patterns in
Figure 5A confirms the results in Figure 4B: the Aus-
tralian monsoon fuels moisture from the northwest,
but the northern tropical forests also contribute to
precipitation. During low-GPP years, less air from
the ocean arrives in the ecoregion (Fig. 5A, purple
arrows to the north and east) and more comes
from inland sources (Fig. 5A, green arrows to the
(south)-west); this, together with the strong sensible
heat flux anomalies inland (Fig. 5B), explains the
anomalously positive contribution of heat advec-
tion from continental areas shown in Figure 5A.
Similarly, heat advection to KAL is enhanced during
low-GPP years and, as can be seen in the wind maps
in Figure 5A, this is again not merely a consequence
of unusual circulation but also related to anomalies
in sensible heat fluxes (Fig. 5B). In fact, this analysis
indicates that the anomalously high land sensible
heat fluxes (Fig. 5B) extending far beyond the ecore-
gion itself in the upwind direction (Fig. 5A) are
largely responsible for the heat advection anomalies
downwind (Fig. 4A). This agrees with the findings
by Ref. 47 for dry and hot events during European
summers.

In summary, a common pattern emerges from
these results: low productivity is associated with
overall reduced moisture advection and enhanced
heat transport. This highlights the fact that all these
ecoregions that experience the highest interannual
variability in productivity belong to type I in Fig-
ure 1. Furthermore, during low-GPP years, there
is a shift away from oceanic and toward conti-
nental source regions, which is most evident in
ecoregions such as SAH and NGP. Particularly for
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AUS and KAL, the crucial contribution of upwind
land-atmosphere feedbacks (Fig. 5B) to increased
heat advection (Fig. 4A) is apparent: enabled by
drought conditions upwind, the shift in remote
land surface energy partitioning—away from latent
and toward sensible heat fluxes—can strongly
amplify advected heat and simultaneously dimin-
ish advected moisture.*®*” Finally, even though the
discussion has focused on the role of atmospheric
advection when ecosystem productivity is below
average, consistent findings are derived from the
evaluation of high-GPP years (Fig. S6, online only).
As expected, the patterns in those years are reversed,
as highly productive seasons are associated with
below-average heat advection and enhanced mois-
ture transport in these ecoregions. Therefore, the
Lagrangian analysis presented here demonstrates
that anomalies in the atmospheric advection of heat
and moisture in transitional climate regimes trigger
extremes in ecosystem productivity.

Conclusion

To date, the role of combined atmospheric advec-
tion of heat and moisture in terrestrial ecosystem
productivity has been overlooked. Using a water-
limited and an energy-limited ecoregion in Europe,
our results show that about half of the interannual
variability in growing-season GPP can be attributed
to the atmospheric influx of heat and moisture and
thus to the interplay of atmospheric circulation
and upwind land- and ocean—atmosphere interac-
tions. Further analysis reveals that enhanced heat
advection, coupled with unusually low moisture
advection, is detrimental for ecosystem produc-
tivity in global transitional regimes. Particularly,
anomalies in surface heat and moisture fluxes in
remote continental locations contribute to the
occurrence of advection extremes, and hence on
GPP anomalies downwind. These findings demon-
strate the value of considering (1) advection as
a critical process driving ecosystem productivity,
and (2) remote land surface states as driving forces
for downwind ecoregions. In light of the ongoing
changes in atmospheric circulation and land-
atmosphere feedbacks following climate change,
the vulnerability of ecoregions to the land surface
state upwind needs to be further investigated.
This may enable land use adaptation strategies

Moisture and heat advection to ecosystems

that take the downwind ecosystem impacts into
account.
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