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Abstract Earth system models predict a zonal dipole of precipitation change over tropical South
America, with decreases over the Amazon and increases over the Andes. Much of this has been attributed
to the physiological response of the rainforest to elevated CO2, which describes a basin-wide reduction in
stomatal conductance and transpiration. While robust in Earth system model experiments, details of the
underlying atmospheric mechanism—specifically how it evolves in the context of land-atmosphere
interaction and the diurnal cycle—are unresolved. We investigate this using idealized model simulations
and find that within 24 hr of a CO2 increase, changes occur over the Amazon that engender synoptic
timescale feedbacks. Decreased evapotranspiration from the rainforest throttles near-surface moisture,
inducing a drier, warmer, and deeper boundary layer. Above this, enhanced turbulent diffusivity increases
vapor in the lower free troposphere. Together, these processes reduce convective activity and cause
immediate decreases in Amazon rainfall. Over the synoptic timescale, these changes leave behind lower
tropospheric moisture, which is advected westward by the background jet and increases Andean
precipitation. This produces a dipole of precipitation change consistent across global and regional models
as well as parameterized and resolved convection, though details are sensitive to model topography and
boundary layer formulation. The mechanism reported here stresses the importance of fast timescale
processes affecting stability over a period of hours that can influence longer-term vegetation-climate
interactions. These results help clarify the Amazon's physiological response to rising CO2 and provide
insight into possible causes of historical model biases and end-of-century uncertainty in this region.

1. Introduction
The Amazon is the largest tropical forest on Earth, containing an estimated 25% of global biodiversity and
accounting for 15% of global photosynthesis (Dirzo & Raven, 2003; Field et al., 1998). As atmospheric CO2
concentrations increase to levels not seen since at least the Pliocene (∼3 million years before present; Pagani
et al., 2010; Tripati et al., 2009), understanding how the region will respond to climate change is central
to making long-term predictions for regional carbon and water cycles, and this knowledge will inform
rainforest management practices in the twenty-first century.

Precipitation that maintains the Amazonian hydrological cycle is tied to the seasonal migration of the
intertropical convergence zone and the low-level circulation associated with it, which changes position from
zonal to northeasterly throughout the annual cycle and shapes the South American monsoon during the
wet season (Vera et al., 2006). In addition, precipitation recycling (i.e., the cascade of moisture through pre-
cipitation, evapotranspiration, and subsequent precipitation cycles)—especially during the dry season—is
a critical source of moisture for the interior rainforest and is estimated to contribute 20–30% of rainfall over
the Amazon basin (Brubaker et al., 1993; Eltahir & Bras, 1994; Lee et al., 2005; Spracklen et al., 2012; Staal
et al., 2018; Van der Ent et al., 2010; Zemp et al., 2014). Canopy evapotranspiration is also influential in the
dry-to-wet transition season, moistening the lower and middle atmosphere in the months leading up to the
monsoon and priming the troposphere for deep convection (Fu & Li, 2004; Wright et al., 2017). For Amazon
vegetation itself, access to deep soil moisture from the previous wet season allows rainforest ecosystems to
green even during low-precipitation months (Huete et al., 2006; Saleska et al., 2016).

Precipitation and its influence on seasonal soil moisture storage are therefore critical to rainforest health,
but rainfall is widely predicted to decrease over the Amazon and increase over the Andes in realistic sim-
ulations of the twenty-first century from the Climate Model Intercomparison Phroject phase 5 (CMIP5;
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Taylor et al., 2012). A significant fraction of this dipole of precipitation change is attributed to the physio-
logical response of vegetation to atmospheric CO2 (Bonfils et al., 2017; Kooperman et al., 2018; Richardson
et al., 2018; Skinner et al., 2017; Swann et al., 2016). Stomatal resistance increases under elevated CO2, lead-
ing to a decrease in evapotranspiration and less water loss during photosynthesis (Field et al., 1995). The
immediate effect of this transpiration decrease is to dry out the boundary layer, and the feedbacks of this
are strongest in tropical forest regions (Kooperman et al., 2018), where high initial leaf area limits the sen-
sitivity of evapotranspiration to further increases in canopy biomass and where boundary layer moisture
is heavily dependent on canopy evapotranspiration. Developing a better understanding of how the Ama-
zon rainforest will respond to increased atmospheric CO2, and the implications this will have for regional
evapotranspiration and boundary layer moisture, is a key aspect of predicting future vegetation-climate
interaction.

A number of studies have shed light on this physiological response, particularly at continental and global
scales. The common approach in these experiments is to confine CO2 increases in an ESM to the land sur-
face alone, which isolates this vegetation-driven feedback from the radiative effects of CO2 (e.g., Betts et
al., 2004; Pu & Dickinson, 2014; Sellers et al., 1996). A subset of eight modeling centers produced these
experiments under CMIP5, permitting intermodel comparisons on how the physiological effect will influ-
ence temperature, precipitation, and drought (Lemordant et al., 2018; Lu et al., 2016; Skinner et al., 2017,
2018; Swann et al., 2016). Only some of these studies, however, have explored the structure of changes
within the Amazon specifically (e.g., Abe et al., 2015; Kooperman et al., 2018; Richardson et al., 2018;
Skinner et al., 2017). These papers focus on multidecadal to century-long timescales and attribute the wet
Andes, dry Amazon dipole to an increase in the column-integrated export of moisture or moist static energy
(MSE) from the Amazon lowlands toward the Andean cordillera (Kooperman et al., 2018; Skinner et al.,
2017). To date, no study has assessed the rapid evolution of the forest's response to CO2 as it develops in time.

Recently, Richardson et al. (2018) examined the Amazon physiological response in an ESM ensemble and
attributed the precipitation decrease to a fast response distinct from long-term adjustments of global mean
temperature. They calculate the relative contribution of terms in the surface energy budget and find that
the repartitioning of sensible and latent heat fluxes—amounting to an increase in the Bowen ratio (sensible
heat divided by latent heat)—was the first-order cause of Amazon precipitation decreases. They find that
this surface energy budget-driven response arises from thermodynamic changes to the structure of moisture
in the atmosphere, independent of circulation. The fast aspect of the response in this paper is in reference
to multidecadal climate model simulations with sea surface temperatures held fixed. Locating the physio-
logical response within this window usefully rules out century-long feedbacks and helps attribute Amazon
precipitation decreases to local processes operating at the scale of the rainforest canopy.

However, a fast response defined this way still includes soil moisture and land-atmosphere feedbacks acting
over several decades, and Richardson et al. (2018) employ column-integrated budgets that do not evalu-
ate the vertical structure of the boundary layer or the role it plays in the physiological response, which
Kooperman et al. (2018) show is important to the long-term precipitation response. This therefore leaves
open questions about whether a faster process chain exists by which these precipitation anomalies initially
develop, the timescale over which they arise, and the land-atmosphere interactions or boundary layer feed-
backs that accompany them. We answer several outstanding questions about this mechanism. First, does
this Amazon precipitation change dipole exist in a higher resolution climate model, or is it an artifact of the
∼1–2◦ resolution of ESMs in the CMIP5 archive? Second, if the signal is consistent across models and scales,
how quickly do changes develop, and how do they evolve? Stomatal closure is a fast process—operating on a
minutes-to-hours timescale relevant to photosynthesis (Cardon et al., 1994)—so if precipitation changes rely
mostly on vegetative controls, one might expect the Amazon forest component of the precipitation change
dipole to set up quickly. Third, how are fast processes that influence deep convection over a period of hours
mechanistically tied to larger-scale changes in circulation and moisture transport over a period of days to
weeks?

In the analysis below, we show that the CO2 response is present in a regional climate model and that it
develops robustly within the first few days of a CO2 increase, independent of whether convection is param-
eterized or explicitly resolved. Important changes emerge within the first 24 hr that prime the atmosphere
above the rainforest for a precipitation decrease, with an Andes increase developing later over the synop-
tic (∼10-day) timescale. Below, we focus first on the synoptic response and then discuss the initial stages
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within the first simulation day. We find that first-day changes arise from enhanced mixing in the lower free
troposphere, where local eddy diffusivity causes vertical shifts in cloud fraction and moisture flux that coin-
cide with a generally more stable atmosphere and reduced likelihood for deep convection. We discuss the
potential application of this mechanism to better frame and understand uncertainty in the Amazon climate
in ESMs.

2. Description of Model Simulations
We generated five sets of simulations for this study, all of which were integrated in a perpetual solar equinox
setup. Baseline simulations consisted of 50-km Weather Research and Forecasting version 3.9 (WRF 3.9)
model runs with fixed sea surface temperatures. The second set of simulations included sensitivity tests
done with alternative boundary layer schemes. A third set involved convection-resolving WRF simulations
integrated on a nested domain at 50-, 10-, and 2-km resolution, with resolved convection on the smallest
domain. Two final sets were created using the Community Earth System Model version 1.2 (CESM 1.2)
integrated at 2◦ resolution with a fully interactive ocean. The first of these was a 10-member initial condition
ensemble run for 30 days, and the second was a single 10-year simulation.

For each set of simulations, control and physiological forcing cases were created. In control runs (CO2,cont),
the CO2 concentration was set to 400 ppm in the atmosphere and land model. For physiological forcing
runs (CO2,phys), CO2 concentration was set to a constant 1,000 ppm in the land model and 400 ppm in the
atmosphere. These simulations are similar to the physiological forcing experiments in the CMIP5 archive
(e.g., Taylor et al., 2012, specifically “esmFdbk1”), but in this case, CO2 was increased immediately and held
constant, rather than being increased 1%/year as in the CMIP5 protocol. Our use of an abrupt CO2 increase
helps assess the rapid aspects of the physiological response that are initiated independently of long-term soil
moisture feedbacks, which are unavoidable in gradual ramp-up experiments. For more information on our
setup, see the text below and Table S1 in the supporting information.

2.1. WRF 50-km Baseline Runs
The baseline runs were done with a 50-km WRF domain symmetric about the equator (see full domain in
Figure 1c) with 30 vertical model levels and a hybrid vertical coordinate. Six-hour data at 2.5◦ resolution
during 1979–2016 from the National Center for Environment Prediction version 2 reanalysis (Kanamitsu
et al., 2002) were used to create a set of mean lateral boundary conditions.

To mimic equinox boundary conditions, we averaged the forcing data around the March and September
equinoxes (February–April and August–October) for all years 1979–2016. These fields were then used to
force WRF at 00:00, 06:00, 12:00, and 18:00 UTC, repeated as a 24-hr cycle for 10 days. Solar forcing in
the radiation scheme was set to equinox conditions with an Earth-Sun distance of 1 astronomical unit, the
mean annual value. This approach was chosen to minimize noise from seasonality and internal atmospheric
variability in order to reveal the physiological response as cleanly as possible, while still benefiting from the
higher resolution of WRF.

CO2,cont and CO2,phys forcings were integrated 10 separate times for 10 days each, with stochastic perturba-
tions added to the boundary conditions at every time step to generate an initial condition ensemble (akin to
a WRF forecast ensemble; Berner et al., 2011; Duda et al., 2016). Output was saved at hourly intervals.

The land cover classification and elevation for the WRF domain are shown in Figure 1a, where the broad
region in South America corresponding to “evergreen broadleaf forest” approximates the Amazon rainfor-
est. The observed precipitation and low-level jet climatology during the mean equinox season are shown
in Figure 1b during 1979–2016, depicting a northwest-to-southeast orientation of the intertropical conver-
gence zone and large precipitation gradients moving along the low-level jet path across the Amazon. The
10-day mean precipitation and low-level jet winds of the CO2,cont runs are shown in Figure 1c. Compared to
observations and reanalyses, the low-level winds and general structure of deep convective rainfall appear to
be reasonably well simulated (compare Figures 1b and 1c).

The physics parameterizations chosen for these simulations were based on the “tropical physics” suite
available in WRF. The default settings include the new Tiedtke mass flux scheme for cumulus convection
(Bechtold et al., 2004, 2008, 2014; Tiedtke, 1989; Zhang et al., 2011), the rapid radiative transfer model for
longwave and shortwave radiation schemes (Iacono et al., 2008), the Yonsei University (YSU) scheme for
boundary layer physics (Hong et al., 2006), and the single-moment six-class scheme for microphysics (Hong
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Figure 1. (a) Land use categories and elevation for the Weather Research and Forecasting (WRF) domain.
(b) Observed equinox precipitation and 850-hPa wind climatologies during 1979–2016, taken from the Global
Precipitation Climatology Project version 2.3 (Adler et al., 2003) and National Center for Environment Prediction
version 2. (c) Ten-day mean precipitation and 850-hPa winds for equinox conditions from the ensemble mean of
CO2,cont WRF simulations. WRF domain is shown in (b) and (c). Equinox conditions refer to the combined average of
February–April and August–October periods, centering on the March and September equinoxes.

& Lim, 2006). Instead of the default land model, we chose to use the Noah land surface model with mul-
tiparameterization options (Niu et al., 2011; Yang et al., 2011). Important aspects of the Noah land surface
model with multiparameterization options and YSU schemes are discussed in the supporting information.

2.2. WRF Boundary Layer Sensitivity Runs
To test the sensitivity of our simulations to boundary layer formulation, we performed additional 50-km
integrations for CO2,cont and CO2,phys each for 10 days with an identical setup to those above but with five
additional boundary layer schemes in addition to YSU. We used the Mellor-Yamada Nakanishi Niino level
3 scheme (Nakanishi & Niino, 2006, 2009), the Asymmetric Convection Model 2 scheme (Pleim, 2007b,
2007a), the University of Washington scheme (Bretherton & Park, 2009), the total energy-mass flux scheme
(Angevine et al., 2010), and the Mellor-Yamada-Janjic (MYJ) scheme (Janjić, 1994).

2.3. Convection-Resolving WRF Runs
To test the sensitivity of our results to convective parameterization, we ran an additional WRF simulation in
a nested, two-way domain setup at 50-, 10-, and 2-km resolution, chosen so that the smallest domain spans
the region where largest precipitation changes were seen in the baseline 50-km runs (see Figure S1). The
boundary conditions at the coarsest domain were identical to the 50-km setup above, and 30 vertical levels
were also used here. The only difference in model physics is that the deep convection scheme was turned
off for the 2-km domain to allow for resolved convection and precipitation.

2.4. Earth System Model Runs
To compare our results to an ESM, we used CESM 1.2 with the Community Land Model version 4.0
(Oleson et al., 2010), the Community Atmosphere Model version 5.0 (Neale et al., 2010), and a fully interac-
tive ocean run at 2◦ resolution on a finite volume grid. The first type of integration was a 10-member initial
condition ensemble of 30-day CO2,cont and CO2,phys runs. A second set of CO2,cont and CO2,phys simulations

LANGENBRUNNER ET AL. 453



Earth’s Future 10.1029/2018EF001026

Figure 2. Ensemble mean differences during days 2–10. Delta (𝛥) represents changes for physiological minus control CO2 simulations (CO2,phys–CO2,cont).
Values are shown as a percent of CO2,cont for each of (a) Δ precipitation, (b) Δ transpiration, (c) Δ latent heat flux, (d) Δ 2m air temperature, (e) Δ boundary
layer height, and (f) Δ integrated column water vapor. Boxes in (a) show the Andes and Amazon regions over which averages are taken in subsequent figures.
The absolute change and control fields are shown in Figures S2 and S3. Red lines in (a) show the 4 mm/day precipitation contours in CO2,cont. Negative values
in (c) imply decreased latent cooling of the land surface. For (d), % change is shown relative to the mean in ◦ C.

was completed for 10 years in order to compare CESM's decadal scale physiological response. As with the
WRF simulations, these were integrated under perpetual equinox conditions.

3. Synoptic Timescale Response
The 50-km WRF simulations served as the primary data set analyzed in this study and are compared to oth-
ers in section 3.2. Overall, we find that the physiological response exhibits an evolution that begins with a
very fast adjustment (within the first diurnal cycle) as well as a slower synoptic timescale response. With
this dichotomy in mind, we first discuss results that develop over the synoptic scale, which align with pre-
vious results from simulations of the physiological response over long timescales, and we return later to the
first day, which offers an especially noise-free view of important forest-atmosphere interactions and their
causality.

3.1. Surface and Column-Integrated Changes
Figure 2 shows the 10-day mean physiological response for important fields in the WRF baseline simu-
lations. Focusing first on precipitation change (Figure 2a), decreases are evident over a broad region of
the eastern Amazon rainforest, particularly along the northeastern coast of South America in the Guianas
region, where reductions exceed 25% of the control simulation. Precipitation increases of approximately 20%
occur along the mountainous Andes to the west, in regions that are narrower and aligned with topography.
Altogether, the largest precipitation anomalies occur along the equator between 10◦ S and 10◦ N, likely due
to a combination of the equinox setup and the physical location of the tropical forest vegetation (Figure 1a).
For reference, climatological and absolute changes are shown in Figures S2 and S3.

Other fields change in ways that confirm expectations. Canopy transpiration (Figure 2b) decreases every-
where there is vegetation. This decrease is important over the Amazon basin, where precipitation recycling
via evapotranspiration is important (e.g., Staal et al., 2018; Zemp et al., 2014) and where decreased moisture
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Figure 3. Meridional mean precipitation change in the physiological
response (CO2,phys–CO2,cont) across models, resolution, and timescales.
(a) Ten-member ensemble mean for first day (hours 06:00–20:00) and days
2–10 in the 50-km Weather Research and Forecasting (WRF) simulations.
(b) One-member 10-day mean for 2-km WRF simulation. (c) Ten-member
ensemble mean for first 10 days of Community Earth System Model
(CESM) integrations. (d) Same as (c) but for first 30 days. (e) One-member
10-year mean for CESM simulation. All averages are taken for land-only
grid points between 10◦ S and 10◦ N, except for the WRF 2-km run, which
has a northward-shifted domain (see Figure S1). Error bars show 95%
confidence interval for changes, calculated as ±1.96× s.e. (where the
standard error s.e. = 𝜎/

√
N, 𝜎 = the standard deviation of the precipitation

change across latitude, and N = the number of latitude points). Latitudinal
mean model topography at its native model resolution is shown on each
plot as light gray shading, all scaled relative to the 2-km topography in
(b), which has a maximum average peak of about 1.83 km near 282◦ E.

flux to the atmosphere will affect the moisture supply available to convec-
tion and precipitation. This decrease in transpiration is associated with
a diminished latent cooling at the surface (Figure 2c) and an increase in
surface air temperature (Figure 2d), implying increased sensible heat flux
and an increased Bowen ratio.

These aspects of the surface energy budget lead to a warmer and deeper
mean boundary layer (Figure 2e). Associated changes in the vertical
structure of MSE play a fundamental role at the synoptic timescale, as dis-
cussed in section 4. Column-integrated water vapor (Figure 2f) decreases
primarily over the region with the largest precipitation decreases, though
with a wider footprint than precipitation change itself. This implies
that changes in column moisture are a helpful proxy for where broad
shifts in precipitation occur, qualitatively confirming well-known aspects
of the moisture-precipitation relationship (e.g., Bretherton et al., 2004;
Holloway & Neelin, 2009; Schiro et al., 2016). The magnitude of this
change is in the 2–3% range, however—much smaller than the large shifts
in precipitation and transpiration. We find that changes to moisture in
the lowest few kilometers of the atmosphere play the most important role
in regulating Amazon precipitation decreases, and we discuss the specific
mechanism linking moisture and precipitation in section 3.4.

3.2. Comparing Across Models, Convective Formulation,
and Timescale
This stomatal-driven dry Amazon, wet Andes precipitation change dipole
has been confirmed across multiple ESMs (e.g., Kooperman et al., 2018;
Richardson et al., 2018; Swann et al., 2016), and Figure 2 indicates that it
appears in a regional climate model, though it remains an open question
whether the response is tied to a specific timescale or model resolution,
and these aspects are compared in Figure 3. Figure 3a displays the WRF
50-km changes for the synoptic timescale (days 2–10) and the first diur-
nal cycle. The solid line depicts the mean change seen in Figure 2a,
with decreases over the Amazon lowlands and increases over the higher
Andean topography. The dashed line gives important information about
day 1 not visible in the synoptic mean plots: precipitation decreases
immediately within the first diurnal cycle throughout the Amazon basin,
with a magnitude comparable to the full synoptic response.

The convection-resolving 2-km WRF integration shows a noisier pattern
of change but decreases over the Amazon basin and increases over the
Andes are still clear over a 10-day mean (Figure 3b). The variation with
longitude is likely due to the more highly resolved topography and a
smaller domain (Figure S1), as well as the fact that the 2-km run (due to
its computational expense) only has a single realization. Still, this result
suggests that the physiological precipitation response is not an artifact of
parameterized deep convection.

Figures 3c–3e show CESM results for a 10-day, 30-day, and 10-year mean. Across this large range of
timescales, the physiological response dipole is consistent: decreases are seen throughout the Amazon basin,
and increases are aligned closely with CESM's Andean topography. The precise magnitude and location of
the maximum changes vary within each model and among all simulations, but the broad details are stable,
suggesting that the physiological response of the Amazon rainforest is a result of fundamental moist pro-
cesses that can be captured in consistent ways across a range of model time and space scales. Equivalent
spatial maps for precipitation and soil moisture change are shown in Figure S4. The zonal dipole along the
equator arises in every simulation and timescale tested, despite some differences in off-equatorial changes.

These results highlight that the mechanism leading to a drier Amazon and wetter Andes pattern is fast and
does not initially rely on slower feedbacks related to soil moisture change, which would take longer than
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Figure 4. Ensemble mean precipitation in the CO2,cont and CO2,phys Weather Research and Forecasting (WRF) runs,
calculated over regions in Figure 2a. “Andes” in this case represents all grid points within that region at an altitude
greater than 1.5 km. (a) Area-mean precipitation for the Andes and Amazon regions, broken into the contributions
during daytime and nighttime periods. Daytime represents 08:00–20:00, and nighttime spans 20:00–08:00. Percentages
in the bars show the percent contribution of each time period to the total. (b) Control and physiological time series for
the Andes region. (c) Difference for CO2,phys–CO2,cont. (d) Control and physiological response for the Amazon region.
(e) Difference for CO2,phys–CO2,cont in the Amazon region. 15:00 is shown as vertical grid lines in (b)–(e). Hours are
shown as local time starting from midnight on day 1 of the simulation. For the Andes, local time is UTC–5, and for the
Amazon, local time is UTC–4 (i.e., Andean time series have been shifted one hour earlier to match local afternoon).

days or weeks to develop. However, sustained precipitation anomalies do affect soil moisture even within
the first days of a CO2 perturbation, and soil moisture anomalies likely reinforce the precipitation change
dipole over the Amazon rainforest. Figure S4 confirms high spatial congruence between precipitation and
soil moisture anomalies. Further analysis of the 10-year CESM simulations (not shown) reveals that these
two fields covary tightly over long timescales, though soil moisture does not amplify the precipitation change
signal in a clear way, implying that other factors—including internal ocean-atmosphere interaction—buffer
the long-term signal. In addition, the primary precipitation increases in the WRF 50-km simulations occur
in concentrated regions over the Andes, implying that local orographic dynamics are important to the exact
spatial pattern of the response. While this aspect is less clear from CMIP5 model experiments, the primary
mechanism still operates at a twofold to fourfold coarser resolution relative to the WRF simulations, even
with comparatively underresolved topography.

3.3. Diurnal Cycle of Precipitation Change
Over the full 10-day WRF ensemble, a distinct diurnal cycle is present in both the control precipitation and
the physiological response. Figure 4 gives both a summary of precipitation change for the Andes and Ama-
zon regions. Here “Andes” refers to grid points located above 1.5-km elevation. In the physiological response,
Andean precipitation increases by about 10%, while the Amazon region experiences an approximately 17%
precipitation decrease. In both cases, the percent contributions from nighttime and daytime precipitation
remain fairly consistent.

Figures 4b–4e show the precipitation time series used to construct Figure 4a. Vertical grid lines are shown
at 15:00 local time to highlight midafternoon convective activity. Over both the Amazon and Andes, pre-
cipitation peaks can be seen at this hour, with secondary peaks in nighttime precipitation. Over the Andes
(Figure 4c), precipitation increases on the first 2 days are confined to the afternoon peak of convection,
but after a few days of adjustment, anomalies steadily increase throughout the full diurnal cycle. Over the
Amazon (Figure 4e), precipitation decreases occur within the first afternoon during the peak of convective
activity (seen also in Figure 3a), with immediate secondary decreases during nighttime rainfall, and this
pattern remains consistent through the simulation, contrasting with the synoptic amplification observed in
the Andes region.

3.4. Vertical Structure of Afternoon Changes in Moisture, Clouds, and Temperature
To better understand the changes occurring to midafternoon convection over the Amazon seen in Figure 4,
low-level moisture, cloud fraction, and temperature changes are shown at 15:00 during days 2–10 in Figure 5.
The difference in boundary layer heights between CO2,phys and CO2,cont provides evidence for an increase
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Figure 5. Weather Research and Forecasting (WRF) ensemble mean
physiological response (CO2,phys–CO2,cont) in atmospheric moisture,
clouds, and temperature during hour 15:00 for days 2–10. Times were
calculated for central South American local time (∼300◦E) at UTC–4. Plots
show latitudinal mean changes between 10◦ S and 10◦ N for (a) moisture,
(b) cloud fraction, and (c) temperature and u-w winds. To emphasize
vertical velocity, w is scaled by a factor of 100 (i.e., cm/s). The planetary
boundary layer height (PBLH) at hour 14:00, as diagnosed by WRF, is
shown as a dark solid and light dashed red line. Ocean grid points have
been masked so that contours represent changes over land only.

in the mixed layer depth of nearly 200 m (about 50 hPa) in the physi-
ological response. In addition, this boundary layer height serves as the
boundary of a moisture change dipole (Figure 5a), with large decreases
in the lower 1.5 km due to declines in evapotranspiration.

It is not immediately obvious why changes in the surface energy budget,
driven by elevated CO2, should sustain more vapor and low-level clouds
in the free troposphere just above the boundary layer, yet this is clearly
the case. Consistent with the strongest moisture increases above ∼1.5
km, cloud fraction shifts higher into the atmosphere in Figure 5b. The
zero line for cloud fraction change is above that of moisture, suggesting
a higher lifting condensation level (LCL). The cloud fraction differences
themselves are more vertically confined, though the largest magnitude
increases in moisture in Figure 5a coincide with the regions of maximum
cloud fraction increase in Figure 5b. All of these changes result from a
warmer and drier boundary layer, with temperature increases of 1 ◦ C or
more throughout the lowest 1.5 km (Figure 5c). Midafternoon zonal wind
anomalies show that the dynamical components of this response are rel-
atively weak, with a minor enhancement of the easterly boundary layer
flow and a slight deceleration of the easterly jet above (Figure 5c). Figure
S5 shows equivalent plots for the CESM 10-member ensemble. While
there are some differences in the precise location of changes, the essen-
tial elements of this process chain, including low-level vertical moisture
and temperature dipoles, as well as low-level and deep cloud changes, are
consistent with WRF.

Considering the full atmosphere, deep convective clouds also decrease
between 10 and 15 km on the 2- to 10-day timescale (Figure S6). The
moisture and temperature changes are confined to the lowest few kilo-
meters of the atmosphere, but there is a clear decrease in deep convective
clouds (in the 12- to 16-km layer), implying decreased convective activity
discussed below. Vertical velocities averaged over the full diurnal cycle
show anomalous ascent over the Andes and descent over the Amazon
basin. This circulation may reinforce surface-driven changes in the lower
troposphere.

To gain insight into the midafternoon Amazon precipitation decrease,
Figure 6 shows a skew-T diagram for temperature profiles over the Ama-

zon region in Figure 2a. Temperature and calculated parcel profiles are drawn for the CO2,cont and CO2,phys
runs, along with calculated convective available potential energy (CAPE) and convective inhibition between
the surface and 100 hPa. Aspects of the physiological response shown in Figure 4 are also visible from this
perspective: the CO2,phys profile shows a drier atmosphere, indicated by the lower dew point temperature
(Td) between the surface and 850 hPa and a warmer environmental temperature (Tenv) extending up to
nearly 800 hPa.

These changes have opposing effects on the calculated parcel profile and its associated CAPE. A warmer
boundary layer (Tenv)—all else equal—would cause a parcel to ascend on a warmer dry (and moist) adiabat,
increasing CAPE. Yet decreased boundary layer moisture, holding environmental temperature constant,
would reduce Td and CAPE. While both of these changes independently lead to a higher LCL and level of
free convection (LFC), there is an overall decrease in CAPE of approximately 350 J/kg (about 18%), implying
that the boundary layer moisture decrease is dominating the temperature effect in regulating the potential
buoyancy of deep updrafts in these simulations. The boundary layer is particularly important for initiating
deep convection in the Tiedtke convection scheme, which relies on consumption of CAPE over a specified
timescale for numerical closure. We therefore suspect that this decrease in CAPE, arising from warming
and especially drying in the lowest 2 km of the atmosphere, is a primary driver of precipitation decreases
over the Amazon, as it would act to throttle the overall amount of deep convective activity in the model. By
11:00 during the midmorning convective buildup stage, convective inhibition is larger by about 60% in the
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Figure 6. Ensemble mean skew-T diagram for CO2,cont and CO2,phys at 15:00 averaged during days 2–10 for Weather
Research and Forecasting (WRF) runs. Orange lines show environmental temperature (Tenv), blue lines show dew
point temperature (Td), and black and gray lines show the calculated parcel profile. Convective available potential
energy (CAPE) is shown as a shaded region for CO2,cont (light green) and CO2,phys (dark green). Profiles are shown for
land-only grid points over the Amazon region shown in a box in Figure 2a. Black arrows are included to emphasize
differences in Tenv and CAPE between the simulations. Calculations of CAPE and convective inhibition (CIN) are
included for a parcel following the given profiles from the surface up to 100 hPa.

CO2,phys simulation, and CAPE is still lower by about 12%. Together, these measures imply a lower likelihood
for convection throughout the morning and afternoon.

Vertical increases in the height of the LCL and LFC, and their association with a zonal precipitation dipole,
have been noted in the Amazon in paleoclimate and future projections (Pinto et al., 2009). Further aloft,
Tenv and Td between the CO2,cont and CO2,phys simulations are indistinguishable. This is consistent with the
expectation that the tropical atmosphere in both simulations would be constrained by weak temperature
gradient theory—that horizontal temperature differences are small in the tropics, and that owing to the
smallness of the Coriolis parameter, any perturbations that form are quickly eliminated by internal gravity
wave adjustments (e.g., Sobel et al., 2001).

3.5. The Low-Level Jet as a Moisture Bridge
To see the time evolution of zonal precipitation anomalies and how the Andean precipitation increase sets
up, Figure 7 shows time-longitude plots of above-boundary-layer moisture and precipitation. The evolution
of moisture in the 900- to 700-hPa layer is shown in Figure 7a (corresponding approximately to the 2- to
3-km layer in Figure 5 that experiences the strongest increases). When perturbations are positive above the
boundary layer and negative within it, precipitation decreases immediately (Figure 7b). This is followed by
scattered precipitation increases that occur in the first diurnal cycle. As seen in Figure 3a, however, these
anomalies still show a negative overall change during day 1, implying a decrease in precipitation efficiency
and an overall reduction in deep convection.

As the simulation evolves, beginning at approximately day 6, positive anomalies in above-boundary-layer
moisture turn to decreases east of 300◦ E (Figure 7a). As this happens, precipitation anomalies develop
into consistently negative changes over the Amazon and positive changes over the Andes (Figure 7b), and
the classical physiological response becomes apparent. The dashed straight line in Figure 7a denotes the
approximate zonal wind velocity in the 900- to 700-hPa layer for CO2,cont—a proxy for the South Ameri-
can low-level jet. The nearly parallel orientation of moisture anomaly contours relative to this velocity line
implies that there is a westward advection of moisture by the low-level jet from the Amazon basin toward the
Andes. The positive anomalies developing above the boundary layer in the first few days of the simulation,
combined with westward jet advection, are crucial aspects of the mechanics that bridge the local precipita-
tion response over the Amazon to the nonlocal increase over the Andes at the synoptic timescale, and the
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Figure 7. Time-longitude diagrams of the evolution of (a) moisture in the 900- to 700-hPa layer and (b) hourly
precipitation anomalies for the ensemble mean of the CO2,phys–CO2,cont Weather Research and Forecasting (WRF)
simulations. These plots are shown for meridional mean anomalies between 10◦ S and 10◦ N. Sloped line in (a) shows
the approximate mean zonal velocity in 290–310◦ E. Dashed contour lines are drawn in (a) for ±0.1 g/kg to emphasize
advective velocity. The dashed line at bottom of each plot gives a schematic view of mean topography throughout the
domain. Negative moisture anomalies occur over the Andes in (a) because this falls within the boundary layer, though
these anomalies are positive above ∼3 km.

presence of this advection in ESMs at longer timescales has been noted in previous work (Kooperman et al.,
2018; Richardson et al., 2018; Skinner et al., 2017).

4. The First Diurnal Cycle and Originating Processes
4.1. Fast Moisture and Cloud Response
Together, these various glimpses into the physiological response—and in particular the time evolution of
anomalies in Figure 7—provide evidence that it begins locally as a decrease in precipitation over the Ama-
zon basin and that the subsequent Andean precipitation increase relies on the advective timescale of the
low-level jet to transport residual lower free troposphere moisture and MSE westward. This is supported by
Richardson et al. (2018), who find that this precipitation dipole can arise independently of soil moisture and
circulation feedbacks, which operate on longer timescales.

To understand how the physiological response behaves within the first 24 hr of a CO2 perturbation, Figure 8
shows CO2,phys–CO2,cont moisture anomalies during the first morning and afternoon. This view is especially
noise free and affords a clean analysis of the local originating processes. Between 08:00 and 10:00 local time,
decreases in evapotranspiration cause immediate decreases in moisture throughout the boundary layer,
preceding moisture increases in the lower free troposphere. Westerly wind anomalies above the boundary
layer—indicating a slowing of the climatological jet—have also developed throughout the Amazon basin by
this time, though these circulation changes are confined to the lowest few km of the atmosphere (Figure S7).

By 11:00, a vertical moisture dipole is established independently of deep convection, which has not yet spun
up, and grows in magnitude over the course of the afternoon. As with the synoptic timescale, the moisture
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Figure 8. Weather Research and Forecasting (WRF) ensemble mean change in moisture and winds during 08:00–15:00
of day 1. Plots depict hourly snapshots of moisture and wind vectors for the CO2,phys–CO2,cont runs in local time at
300◦ E. Meridional means are taken between 10◦ S and 10◦ N. PBLH = planetary boundary layer height.

anomalies on day 1 can also be seen in low-level cloud fraction, shown in Figure 9. During midmorning
through late afternoon, a dipole similar to that seen in Figure 5b develops, implying that the characteristics
seen over the synoptic timescale are present even within the first diurnal cycle. Before early morning, little
change occurs to the boundary layer clouds, even though a low-level fog layer exists, implying that these
moisture and cloud changes occur after sunrise on the first simulation day.

To see how the moisture buildup in the lower free troposphere affects shallow and deep convection, Figure 10
shows the time rate of change of MSE, dMSE/dt, during the first 24 hr of local time. dMSE/dt is defined as
the quanity calculated as a centered finite difference time step for MSE = Lvq + cpT + gz, where Lv is the
latent heat of vaporization (2,260 kJ/kg), cp is the specific heat capacity of dry air (1.006 kJ·kg−1·K−1), and g is
the acceleration of gravity (9.81 m/s2). This calculation was done for the Amazon region shown in Figure 2a.
MSE is a conserved quantity in moist processes, neglecting the ice phase, and vertical differences in its rate
of change provide a proxy for convective activity and energy transport in a system. In a typical diurnal cycle
of rainfall over the Amazon, low-level and midlevel cumulus convection driven by surface fluxes precon-
dition the lower free tropospheric environment for deep convective clouds that produce rainfall during the
local afternoon (e.g., Ghate & Kollias, 2016; Schiro et al., 2016), and this is illustrated with dMSE/dt con-
tours shown in Figure 10a, where boundary layer increases around local noon give rise to deep tropospheric
MSE increases between 15:00 and 17:00, corresponding to afternoon rainfall. This behavior is most promi-
nent in the dry and dry-to-wet transition seasons, when column-integrated moisture is generally lower and
deep convection relies more heavily on evapotranspiration as a moisture source (Collow et al., 2016). Deep

LANGENBRUNNER ET AL. 460



Earth’s Future 10.1029/2018EF001026

Figure 9. Weather Research and Forecasting (WRF) ensemble mean change in cloud fraction during 08:00–15:00 of
day 1. Plots depict hourly snapshots of moisture and wind vectors for the CO2,phys–CO2,cont runs in local time at 300◦ E.
Control simulation values from CO2,cont are shown as contour lines. Meridional means are taken between 10◦ S and
10◦ N.

convection on the first day draws on the the energy that has accumulated in the lower atmosphere during
the morning, as evidenced by the negative dMSE/dt values at low levels during midday and early afternoon
(Figure 10a).

In the physiological response, a decrease in boundary layer moisture has two consequences. First, enhanced
mixing at the top of the boundary layer causes enhanced morning recharge of lower tropospheric vapor in
the lower free troposphere, which causes shallow convection to reach higher into the atmosphere and leads
to the vertical cloud fraction dipole seen in Figures 5 and 9. Figure 10b shows that this dipole maximizes
for the Amazon region between 10:00 and 14:00 and is associated with a net decrease in deep convective
activity. The enlarged profile in Figure 10c shows that deep convection experiences a maximum decrease at
15:00, along with an anomalous increase in midlevel convection following approximately 2 hr later (between
600 and 700 hPa). Second, the much drier boundary layer on day 1 provides less overall moisture to deep
convection, particularly in the afternoon (Figure S7). The net effect therefore appears to be a decrease in
deep convection and the moisture entrained in these clouds during the local afternoon. From the perspective
of the 2-km-thick layer immediately above the boundary layer, both of these effects increase ambient vapor
by means of increased morning recharge and reduced afternoon discharge, creating a bridge mechanism to
Andean wetting described earlier.

The strong dependence of our results on boundary layer moisture runs slightly counter to the conclusions
of Schiro et al. (2016), who found that variability of lower free troposphere moisture above the boundary
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Figure 10. Weather Research and Forecasting (WRF) ensemble mean
dMSE/dt term during day 1, calculated for land-only grid points as an area
mean for the Amazon region in Figure 2a. (a) Control (CO2,cont) dMSE/dt
between 1000 and 300 hPa. (b) Difference in dMSE/dt (CO2,phys–CO2,cont)
between 1000 and 300 hPa. (c) Same as in (b) but during hours 12:00–20:00
and with a rescaled color bar. The x axis is shown in local time at 300◦E.

played the largest role in deep convective activity. However, they noted
that parcels over an Amazon tropical forest site—which had smaller
buoyancy values in the lower troposphere relative to a site in the tropi-
cal Pacific—were still able to achieve deep convection. They attribute this
difference in behavior to boundary layer thermodynamics present over
land regions and not over the ocean, and we believe our simulations are
capturing this.

4.2. Enhanced Moisture Flux in the Lower Free Troposphere
A final remaining puzzle on day 1, seen most clearly in Figures 8 and 9,
is the mechanism driving increased cloud fraction and water vapor above
the boundary layer. The physiological response is throttling the vegetative
moisture supply, yet moisture still increases above the boundary layer.
What could be causing this?
Over the synoptic timescale (e.g., Figures 5 and 7), it is logical to assume
that decreased precipitation would remove less water vapor from the
atmosphere, leaving an anomalous buildup as the precipitation decrease
reaches an equilibrium. But the moisture increases above the bound-
ary layer appear even on day 1 before precipitation shows any significant
change (e.g., by 11:00 in Figure 8d), so this is not a sufficient explanation
for the first 24 hr. An additional source of water vapor could also be from a
change in the rate of lateral convergence of lower free troposphere mois-
ture from over the Atlantic Ocean, and while this is also likely important
at longer timescales, it would take longer than the first 15 hr to set up.
A moisture budget decomposition for the wind and moisture fields (not
shown) is not helpful, either: Neither vertical nor horizontal circulation
changes (seen, e.g., in the vectors in Figures 8 and 9) can explain the mois-
ture increases above the boundary layer, implying that resolved dynamics
are not primary drivers of the lower free troposphere moisture anomalies.

The other likely candidates are either the boundary layer or convection
scheme in the model. Both of these include subgrid-scale tendencies that
affect the prognostic momentum, temperature, and moisture variables.

To evaluate each scheme further, we use the sensitivity test from a 50-km WRF baseline run modified to
output additional fields of moisture and temperature tendencies as well as diffusion coefficients and the
terms that contribute to them (see the supporting information for more detail on these coefficients). We find
that moisture and heating tendencies from the new Tiedtke convection scheme are small and do not explain
the day 1 changes, and that these tendencies can be attributed almost entirely to the YSU boundary layer
scheme (shown for the Amazon region in Figure S8).

What causes this boundary layer-driven moisture increase? The answer appears to lie in the aspects of the
simulation that govern mixing above the boundary layer top, specifically the diffusivity coefficients dis-
cussed for the YSU scheme in the supplementary information. The values of the mass diffusivity coefficient
(Kt; see the supporting information for a description) are shown for the first diurnal cycle over the Amazon
region in Figure 11a. Larger values of Kt imply more vigorous subgrid-scale mixing. The control simula-
tion shows a bottom-heavy profile, peaking in magnitude with deep convection near 15:00 local time. The
CO2,phys–CO2,cont changes are shown in Figure 11b and align well with moisture increases that peak at∼2 km
height in the late afternoon of day 1 (Figure 8). The equivalent diffusivity values for moisture and momen-
tum (not shown) display similar patterns but are slightly smaller in magnitude. The YSU scheme includes
a parameterization of free tropospheric diffusivity over the boundary layer with a magnitude governed in
part by the vertical gradient of potential temperature at the boundary layer top (Figure 11c), which is used
to determine the local stability of the atmosphere in the lower free troposphere and the bulk Richardson
number that goes into calculations of eddy mixing coefficients.

Thus, it is logical to speculate that the causality underpinning the morning moisture increase above the
boundary layer is related to how thermal forcing by the physiological response impacts turbulent diffusivity
via dry static stability near the boundary layer top. That is, the physiological response causes temperature
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Figure 11. (a) CO2,cont eddy mixing coefficient values for mass (Kt) as
calculated in the YSU boundary layer scheme during the first diurnal cycle.
Contour lines for values of 1 and 5 m2s−1 are labeled. (b) Percent change in
for CO2,phys–CO2,cont. (c) Change in potential temperature (𝜃) for
CO2,phys–CO2,cont. All calculations were done during day 1 over the
Amazon region outlined in Figure 2a. The planetary boundary layer height
(PBLH) for the control and physiological forcing simulations is included in
(b) and (c). The x axis is shown in local time at 300◦E.

to increase throughout the mixed layer, with largest changes at the sur-
face and a diminishing magnitude approaching the boundary layer top.
This in turn acts to resist dry static stability near the boundary layer top
and promotes more vertical mixing by turbulent eddies, thus transporting
more boundary layer water vapor further aloft. This enhanced diffusivity
in the lower free troposphere is a result of intensified sensible heating at
the surface, which increases the temperature and mixing of the boundary
layer and leads to the vertical gradients in potential temperature seen in
Figure 11c.

4.3. Sensitivity to Boundary Layer Scheme
The YSU scheme is typically regarded as one of the better overall perform-
ers in intercomparison studies (Cohen et al., 2015; Coniglio et al., 2013;
Gibbs et al., 2011; Hu et al., 2010; Xie et al., 2012), though we have done
additional testing using five alternative schemes to evaluate how sensi-
tive our results are to a given boundary layer formulation. While there is
variability in the magnitude of moisture and temperature change as well
as boundary layer height in each set of simulations, the day 1 processes
that increase moisture flux into the lower free troposphere appear consis-
tent across most schemes with the exception of MYJ (Figure S9), which
lacks a vertical moisture dipole, possibly because it underpredicts the
boundary layer height and entrainment at the boundary layer top (e.g.,
Coniglio et al., 2013; Hu et al., 2010). Over a 10-day timescale, all schemes
produce a similar drying region along the northeastern coast of tropical
South America, though the magnitude of increase over the Andes and
western tropical South America varies (Figure S10). The familiar dipole
can be seen in YSU, Asymmetric Convection Model 2, and University of
Washington but not as clearly in total energy-mass flux or Mellor-Yamada
Nakanishi Niino level 3, and it is fully absent in the MYJ scheme. These
results suggest that the vertical moisture change dipole seen on day 1
may be a necessary starting point for Andean precipitation increases at
the synoptic timescale, though other processes will be important in this
response.

5. Discussion
5.1. Synthesis of Mechanism
Figure 12 summarizes the mechanism discussed above with important steps numbered. On all days,
including the first diurnal cycle, increased CO2 over the Amazon rainforest canopy causes decreased evapo-
transpiration, leading to a warmer, drier, and deeper boundary layer. This increased boundary layer heating
causes a larger vertical potential temperature gradient at the boundary layer top, driving enhanced dry tur-
bulent mixing above that spreads these warmer temperatures vertically and increases moisture flux (Q) into
the lower free troposphere. A temperature increase implies that more moisture is now necessary to reach
condensation, and the LCL and LFC both increase. These boundary layer-driven changes also limit the
amount of CAPE available to deep convection, which decreases precipitation over the Amazon lowlands
within the first day. Over longer timescales (days to weeks), these changes in vertical mixing, combined
with decreased deep convective activity, leave a buildup of moisture and MSE in the lower free troposphere,
which is then advected westward by the low-level jet. After several days, increased moisture advection by
the jet leads to increased Andean precipitation throughout the full diurnal cycle. This advection simultane-
ously removes column atmospheric moisture from over the Amazon and reinforces decreased precipitation
over the lowland rainforest in the east.

5.2. Connection to Convective Margin Shifts
A useful way of framing the Amazon precipitation decrease is via theory on tropical convective margin
shifts. The 4 mm/day contour in Figures 1b and 1c is a proxy for these margins, outlining regions of deep
convection across which large gradients in boundary layer moisture and precipitation frequency occur
(Chou et al., 2009). Lintner and Neelin (2007) formulated a simple prototype for shifts of these margins under
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Figure 12. Schematic diagram showing the day 1 and synoptic time scale responses over the Amazon and Andes.
(a) Perspective is looking northward from the equator, and graphic represents meridional mean changes between
∼10◦S–10◦ N. Major physical processes discussed in the manuscript are numbered, and arrows indicate connections
between these mechanisms and associated physical impacts. Solid arrows show connections between numbered
processes, and dotted arrows show associated changes that occur simultaneously with a given process. (b) Mechanistic
process chain with numbers corresponding to (a).

global warming and ENSO-driven variability, with an application to the eastern Amazon region. Using a
simple model based on low-level wind and moisture inflow from the Atlantic onto the South American con-
tinent, they described how these margins shift inland through a mechanism affecting the moisture threshold
necessary to sustain convection. In subsequent work, Lintner & Neelin (2009, 2010) looked more closely at
the impact of soil moisture and the origin of Atlantic air masses on these margins.

The results from these papers help contextualize our mechanism in the wider literature on how CO2 pertur-
bations will affect regions of tropical deep convection. While the papers mentioned above do not consider
the physiological response directly, the same principles apply. In our simulations, throttling evapotranspi-
ration through a physiological response leads to boundary layer moisture decreases (Figure 5a) and lower
tropospheric temperature increases (Figure 5c). These two components combine to inhibit deep convection
via an “upped-ante mechanism” (Chou & Neelin, 2004; Neelin et al., 2003). In this process chain, a warmer
troposphere increases the needed boundary layer moisture for convection to occur, but this moisture is not
easily supplied because at these margins, low-level moisture is transported from drier regions and is unable
to increase with temperatures sufficiently to maintain the same level of deep convection. Lintner and Neelin
(2009) found these margins to be particularly sensitive to soil moisture, and we believe our perturbations to
stomatal conductance have a similar effect on boundary layer moisture and deep convective likelihood. The
process chain through which this convective constraint is expressed in our results as an intensification of
above-boundary-layer mixing over the Amazon at the expense of deep convective activity. While a warmer
boundary layer leads to modestly enhanced vertical motion, the overall effect is an upped ante for deep
convection and its resulting inhibition throughout the rainforest basin. This is supported by the location of
the red 4 mm/day contour in Figure 2a, along which the largest precipitation decreases occur. This theory
can also account for the Andean precipitation increase: enhanced low-level moisture convergence over the
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Andean cordillera will lead to a higher likelihood of convective precipitation in a sense that is opposite to
the upped-ante mechanism.

5.3. Implications for CMIP Biases Over the Amazon
CMIP models are historically poor at simulating the dry-to-wet transition season over the Amazon as well
as dry season moist processes, owing to inaccuracies in the surface energy budget (Yin et al., 2013), too little
moisture throughout the troposphere (Lintner et al., 2017), and overly strong land-atmosphere coupling in
ESMs (Ferguson et al., 2012; Levine et al., 2016). For the Amazon in particular, the vegetation-driven pre-
cipitation activity discussed above plays a central role in the dry-to-wet transition season over the rainforest
and is referred to as the “deep convective moisture pump” in Wright et al. (2017). One might expect this
process to be an important aspect of the observed increase in dry season length over the rainforest (Fu et al.,
2013). Land use change can also play a role in these observed changes. Replacing tropical forest with vege-
tation that transpires less or affects the energy balance in a way that increases the Bowen ratio could have a
similar impact (e.g., Davidson et al., 2012; Nobre et al., 2016; Spracklen et al., 2018).

Taken together with our results, these lines of evidence indicate that climate model biases over the
Amazon—which themselves show a wet Andes, dry Amazon dipole pattern akin to the physiological
response (e.g., Yin et al., 2013)—may have their roots in improper simulation of vegetation-climate inter-
action. This notion is not new, but while many studies attribute the majority of the uncertainty to deep
convective processes, we emphasize the equally important role that vegetation and boundary layer dynam-
ics can play on the surface energy budget and resulting precipitation recycling and that diurnal timescale
processes may be as important as long-term feedbacks. The magnitude of end-of-century precipitation
change over the Amazon is also uncertain in CMIP archives (e.g., Chen et al., 2018; Joetzjer et al., 2013;
Li et al., 2006), and it is reasonable to believe that model differences associated with historical bias and
end-of-century spread may share similar physical pathways.

6. Conclusions
Under increased atmospheric CO2, stomatal conductance decreases during sunlight hours when plants
photosynthesize, causing less water loss through evapotranspiration. This effect is termed the physiolog-
ical response, and recent work has identified it as a significant factor in projected Amazon precipitation
decreases in ESMs, as well as Andean precipitation increases. The research on this mechanism to date has
focused on ESM simulations with either a steady CO2 increase over the twenty-first century or 2×CO2 equi-
librium experiments that are integrated for multiple decades or longer. Both approaches convolve the fast,
stomatal-driven response with longer-term soil moisture and possible ocean feedbacks, so we used abrupt
CO2 increase experiments to isolate the initial days and weeks of the response, allowing for a cleaner view
of the vegetation-driven land-atmosphere interactions at play.

We find that the mechanism causing decreased precipitation over the Amazon rainforest in the physiologi-
cal response acts quickly—within the first day after a CO2 increase. The anomalies developing during these
hours prime the atmosphere for long-term changes to moisture and land-atmosphere interaction, and over
the following days and weeks, increased precipitation develops over the Andes. This response appears to be
independent of model type (regional vs. global) and convective formulation (parameterized vs. resolved),
though it exhibits some sensitivity to boundary layer parameterization. We show that anomalies occurring
within the first ∼10 days are maintained over a decadal timescale in an ESM. The consistency of this physio-
logical response implies that with increasing CO2 in the twenty-first century, the Amazon has the potential
to undergo an ecosystem reorganization that may affect the region's vulnerability to drought, susceptibility
to fire, and carbon storage capacity—and these changes can happen from vegetation-driven responses to
CO2 alone.

A facet of this response that we do not explicitly investigate is the annual cycle, including differences
among wet, dry, and transition seasons. The equinox setup used here is applicable to the wet-to-dry and
dry-to-wet transition months over the rainforest, underscoring the primary role that evapotranspiration and
rainforest-boundary layer interaction will play under future CO2 increases. Taking a closer look at these
interactions through the lens of the seasonal cycle will be a necessary next step, and it will better contextual-
ize the role of the physiological response in dry season length and drought risk. Finally, given the dependence
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of the response on boundary layer dynamics, large eddy simulations that are able to resolve subgrid-scale
moisture and temperature fluxes will also be an important complement to the models used here.

Our results suggest that this physiological response can be studied using short timescale model simulations
that do not rely on longer-term soil moisture feedbacks. Persistent biases in Amazon climate, for exam-
ple, may be better understood by focusing on subdaily processes that describe land-atmosphere interaction
and surface energy fluxes, which are pivotal in establishing persistent regional climate feedbacks that have
historically received more attention in the Earth system modeling literature.
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