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Amazonia (LE→ P and LE→ Rg), agricultural areas in eastern Brazil
(H→ Ta and H→ Rg), the African Rift Valley (LE→ Ta and H→ Rg) as
well the Congo, where strong coupling persists throughout the
year, but switches from (LE→ Rg) in DJF to (H→ Rg and LE→ Ta) in
JJA. This plot is thematically similar to the soil moisture based
results from Koster et al.5

DISCUSSION
PNs and other empirical methods based on information theory
applied to environmental “big data” provide a wealth of
information about land–atmosphere coupling. Specifically, PNs
provide information about functional relationships between
ecosystem variables that can be used to investigate processes
such as land–atmosphere coupling and feedbacks as well as their
response to environmental change. Using an ANN to extrapolate
these couplings to the global scale, we identified several hotspots
of land–atmosphere coupling (Fig. 6). Monthly data are presented
in Supplementary Figs 7–12. Unlike previous studies e.g. 5,46 which
used process-based models, the ANN is based on empirical
extrapolation of observations and does not include a priori
assumptions about functional relationships to demonstrate the
existence of feedbacks. It can therefore be used to complement
global models, which require (i) process relationships to be known
and (ii) may require parameterizations to include processes that
are under-resolved due to their global nature.
We investigated six couplings between turbulent fluxes and

atmospheric/near surface properties by taking advantage of
databases that incorporate observations of a wide range of

surface meteorology and fluxes. Couplings of H and LE to P and Rg
are directly related to the hydrologic cycle, in contrast to the
coupling with temperature, which is more related to near surface
conditions and cover type. The ANN trained on PN results
identifies feedback hotspots in the southwestern and central US
similar to,5 but does not reproduce the hotspot on the Indian
subcontinent. However, for the southern African hotspot we find
that the coupling signal is strongest for H, LE, and Ta rather than
precipitation, and is more pronounced in DJF. For the US hotspot,
we find a stronger signal for H, LE, and Rg rather than P. The ANN
also detects the hotspots in the Congo Basin, South Africa,
Australia and to some extent Brazil (for H to Rg and Ta), in
agreement with Notaro and Zeng et al.46,48 Similarly, several
regional studies highlighted the strong coupling between surface
and air temperatures for semi-arid regions in the US and
Europe,6,49 which is reflected in the PN results for the southwest
US and to some extent for the Iberian peninsula. Compared to
previous studies, we find a stronger coupling of LE to Rg and P in
Amazonia, further highlighting the importance of tropical rain-
forest function for cloud development and regional precipita-
tion.50 We find Rg to exhibit much clearer land to atmosphere
coupling than P, which can be expected given that not all clouds
produce precipitation. The reduced coupling could also indicate
that models are overly sensitive with respect to their precipitation
response or that the PN has problems detecting feedback in P due
to the sparseness of precipitation events. While the latter cannot
be excluded, global and even regional models rely on cumulus
parameterizations for precipitation generation, which have well-
known difficulties in producing realistic precipitation.51,52

Fig. 2 Same as Fig. 1, but for sensible heat flux (H)

T. Gerken et al.

4

npj Climate and Atmospheric Science (2019)    37 Published in partnership with CECCR at King Abdulaziz University



Extrapolation of empirical PN results to the global scale shows
two distinct advantages compared to global scale modeling
approaches. As a statistical method, global results at a high
resolution (e.g. 0.25°) are computationally cheaper than running
an Earth System Model, while also providing detailed information
on land–atmosphere coupling on spatial and seasonal scales. Also,
through considering multiple land–atmosphere feedback path-
ways, PNs are capable of providing information that can be used
to improve process-level understanding of feedbacks not acces-
sible in more complex models. At the same time, data-driven
approaches such as PNs and ANNs are not constrained by
physically realistic limitations and cannot prove cause–effect
relationships. This should not be considered a limitation but as a
feature. Combined with domain expertise, data-driven methods
can be very useful in guiding research toward regions and
processes that merit further scientific attention.
The PN and ANN reveal that dryland ecosystems exhibited the

strongest ecosystem–atmosphere feedback due to variability in
available water (Figs 3–6). We find the highest couplings between
surface fluxes and precipitation at P/ETp ~ 1, highlighting the
importance of sufficient water supply and soil moisture in
controlling land–atmosphere interactions.53,54 Interestingly, for
savannas, high monthly mean temperatures (Ta > 20 °C) are
associated with low T′Avg(LE→ P), indicating the water limited
state of these systems during the dry season and the associated
absence of coupling. Similarly transition periods between wet and
dry seasons and monsoon circulations are important for soil
moisture–precipitation coupling.47,49 Vegetation response to
water limitations occurs on a continuum from isohydric (plants
closely regulate transpiration through stomatal conductance in
response to atmospheric vapor pressure deficit) to anisohydric
(plants have little regulation of stomatal conductance). From these
species-level traits, ecosystem-level drought responses
emerge.28,55 Grasses, which were thought to be mostly anisohydric,
often exhibit isohydric behavior in semi-arid environments,56–58

supporting the notion that semi-arid grasslands can exhibit

substantial feedbacks with the atmosphere. The resulting interplay
between vegetation, surface-energy flux partitioning and atmo-
spheric control also influences the development of local convec-
tion, which can be an important ecosystem moisture source.31,59–62

Substantial feedbacks between biosphere and precipitation were
recently reported for semi-arid and monsoonal regions,63 high-
lighting the need of an accurate representation of the biosphere’s
response to temperature, radiation, and water availability for
predicting hydrometeorological and climatological feedbacks.
The strong coupling between turbulent fluxes and P for semi-

arid systems (i.e. savannas, Figs 5, 6) is particularly interesting in
the light of their pronounced seasonality. Given the fact that the
analysis covers monthly system state, and precipitation inputs are
highly pulsed, intermediate P/ETp might correspond to rapidly
changing moisture supplies at the surface that elicit responses in
the land–atmosphere system. The increase in coupling between
LE and H to Ta and Rg for small P/ETp further highlights the
importance of convective processes that impact ABL growth and
present multiple avenues for feedbacks mediated by the
surface–ABL system.15–19

PNs applied across aridity gradients can be used to better
understand potential changes to land–atmosphere interactions
and ecosystem functioning across temporal and spatial scales.
Given that semi-arid ecosystems are critical to the carbon cycle
and climate,64–66 and are likely to expand67 and deteriorate68

under climate change, the ability of PNs to quantify their coupling
to the atmosphere is of particular importance. Additionally,
projected changes in aridity are expected to exhibit complex
changes across the globe,69,70 increasing the uncertainty for
land–atmosphere interactions and feebacks.
This study is not without limitations related to data availability

and uncertainty. This study relies on near surface observations as a
proxy for land–atmosphere coupling rather than direct observa-
tions of boundary-layer processes that mediate these couplings
and feedbacks due to a lack of continuous and spatially
distributed ABL observations, which needs to be addressed by
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Fig. 3 The annual cycle of significant feedback between land and atmosphere (FSig) for LE (a–c) and H (d–f), separated by land cover type. The
time axis is given in months since winter solstice to align northern and southern hemisphere. When FSig approaches 1, a significant coupling is
present, and when it approaches 0 the coupling is weak or absent
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