
1.  Introduction
Rainfall is expected to change under a warmer climate (Allan et al., 2020; Fischer et al., 2013; Fischer & Knut-
ti, 2016). At the global scale, projected changes in mean annual precipitation (Pendergrass et al., 2017; Zhang 
& Delworth, 2018) are most likely constrained by the surface energy budget at ∼3%/K (Allen & Ingram, 2002). 
Climate models also project changes in the seasonality (monthly rainfall climatology) of rainfall (Pascale 
et al., 2016). Observations (Markonis et al., 2019; Papalexiou & Montanari, 2019) and high-resolution modeling 
outputs (Prein, Liu, Ikeda, Bullock, et al., 2017; Prein, Rasmussen, et al., 2017) suggest that the temporal struc-
ture of rainfall at finer scales (i.e., frequency, intensity, storm profile, and duration) also changes. Precipitation 
extremes will likely intensify on average at ∼7%/K (Clausius-Clapeyron relation; Molnar et al., 2015; Moustakis 
et al., 2020), with topography, larger-scale dynamics, and local features of atmospheric convection being also 
important (Chen et al., 2021; Moustakis et al., 2020). Changes in frequency, seasonality, duration, and spatial 
structure of storms are also expected (Chen et al., 2021; Moustakis et al., 2021).

Abstract  Changes in rainfall associated with climate change are expected to affect the tightly coupled 
water-carbon ecosystem dynamics. Here, we study the effects of altered rainfall at 33 sites in North America, 
as projected by the high-resolution/high-fidelity (∼4 km, 1 hr) continental-wide Weather Research Forecasting 
(WRF) convection-permitting model under a high-emission scenario (RCP 8.5). We make use of a stochastic 
weather generator to extend WRF outputs, accounting for natural variability and simultaneously separate 
the changes in total rainfall, its seasonality, and its intraseasonal pattern. We used these rainfall scenarios 
to study ecosystem responses with the state-of-the-art Tethys-Chloris terrestrial biosphere model. Model 
simulations suggest that increases in mean annual rainfall dominate ecosystem responses at dry sites, while 
wet sites are less sensitive to rainfall changes. Sites of intermediate wetness face reductions in productivity, 
due to reduced growing season rainfall and increased water losses under altered seasonality, which outpace 
any possible benefits induced by increases in mean annual totals. Changes in the fine-scale temporal structure 
of rainfall have an insignificant impact on ecosystem productivity and only alter hydrological dynamics, 
contradicting expectations based on some field experiments, which, however, are not tailored to directly 
quantify climate change impacts, but rather to understand the mechanisms leading to ecosystem responses. We 
further demonstrate how approaches following the “fewer but larger rainfall events” concept might exacerbate 
ecosystem responses.

Plain Language Summary  Rainfall is expected to change with global warming and this can affect 
ecosystems. Here, we investigate the impacts of changes in rainfall over 33 North American ecosystems, based 
on high-resolution projections of future end-of-century climate. We extend these projections with the use of 
statistical tools to study their effects on ecosystem response with a state-of-the-art model. In dry ecosystems 
where naturally water demand far exceeds water supply, an increase in mean annual rainfall alleviates chronic 
water stress and stimulates vegetation productivity. In wet ecosystems rarely facing water stress, the increase 
in mean annual rainfall does not affect vegetation and water is mostly lost as runoff, or recharges the aquifers. 
In ecosystems where water supply roughly equals water demand, rainfall during the growing season—when 
water is much needed—is reduced, due to changes in the monthly distribution of rainfall and, hence, vegetation 
productivity is negatively affected. We also demonstrate that changes in storm characteristics and frequency 
do not significantly modify vegetation productivity, but are more important for runoff generation and aquifer 
recharge.
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All biomes are sensitive to some degree to most characteristics of rainfall variability (Robertson et al., 2009; 
Wang et al., 2020), and hence changes in mean annual rainfall, seasonality, and temporal structure can jointly 
shape ecosystem responses. Future mean annual precipitation increases could stimulate productivity, especially 
over drier sites (Knapp et al., 2017). Changes in seasonality affecting total growing season rainfall and snow accu-
mulation and melt processes can also affect ecosystem productivity (Bai et al., 2004; Guan et al., 2014; Robinson 
et al., 2013; Swemmer et al., 2007). Inter-annual rainfall variability also has an effect on ecosystem productivity 
(Gherardi & Sala, 2015; Knapp et al., 2017) and runoff generation (Markonis et al., 2018).

The various characteristics of rainfall temporal structure (i.e., frequency, intensity, storm profile, and duration) 
control soil moisture availability, and can, thus, affect ecosystem productivity (D’Onofrio et  al.,  2019; Fang 
et al., 2005; Griffin-Nolan et al., 2021; Ritter et al., 2020). Changes in rainfall temporal structure can modify soil 
moisture dynamics (Porporato et al., 2002, 2004) and plant water availability, and even affect ecosystems that are 
rarely water limited. Increased vegetation stress can reduce photosynthetic and plant transpiration rates (Fatichi, 
Pappas, & Ivanov, 2016; Manzoni et al., 2013), and even lead to plant mortality (Preisler et al., 2021). Temporal 
structure can be particularly important for shallow rooted herbaceous species, which are highly responsive to 
rainfall pulses (Verbruggen et al., 2021), due to their lack of access to deep water stores. However, even forested 
ecosystems have been found to be sensitive to changes in rainfall temporal structure, since drought conditions can 
trigger a number of processes in trees, such as growth limitation, reduction of carbon and water fluxes, and even 
carbon starvation and hydraulic failure, leading to tree mortality (McDowell, 2011).

Under more extreme precipitation plant canopies can intercept water less efficiently and reduce evaporative 
losses (Knapp et al., 2008; Porporato et al., 2002). This is the case as under more intense canopy throughfall, 
water penetrates the soil more deeply and reaches depths where it is sheltered from ground evaporation (Fay 
et al., 2003; Knapp et al., 2008; Lehmann et al., 2019). It thereby becomes increasingly available to plants as 
long as their root system is deep enough (Kulmatiski & Beard, 2013). However, under extreme rainfall, water can 
also be lost as runoff, or propagate further into the soil at depths inaccessible to plants and be slowly lost as deep 
leakage (Felton et al., 2020), that recharges aquifers.

Numerous field experiments have been performed to understand the importance of changing rainfall in ecosystem 
dynamics (e.g., Fay et al., 2011; Gherardi & Sala, 2015; Harper et al., 2005; Heisler-White et al., 2009; Knapp 
et al., 2002, 2008; W. J. Liu et al., 2017; Miranda et al., 2009; Power et al., 2016; Thomey et al., 2011; Zhang 
et al., 2021). In such field experiments, rainfall is totally or partially excluded with the use of shelters to simulate 
drought conditions, or supplemented with irrigation. The vast majority of experiments have studied the effect of 
changes in mean annual rainfall, usually by manipulating the total amount of rainfall during the growing season 
(J. Liu et al., 2020; Wang et al., 2021).

It has been remarked that experiments usually impose heavy alterations on precipitation variability not experi-
enced in the historical records(Nippert et al., 2006), with annual precipitation changes that can go far beyond 
General Circulation Model (GCM) projections (Korell et al., 2020b; Song et al., 2019). Moreover, due to their 
short time-span (typically <4 yr; Wang et al., 2021), field experiments cannot fully account for the stochastic 
nature of rainfall (Fatichi, Ivanov, et al., 2016). Additionally, given the different experimental setups, intensities 
of manipulation, and inherent limitations of each study (J. Liu et al., 2020; Song et al., 2019), synthesis of results 
from multiple studies is not straightforward.

The impacts of changes in fine-scale rainfall temporal structure have been less common in field experiments, 
which have been mostly conducted in grasslands and shrubland dominated ecosystems (Deng et al., 2018; Fay 
et al., 2008, 2011; Felton et al., 2020; Gao et al., 2015; Heisler-White et al., 2008, 2009; Knapp et al., 2002, 2008; 
W. J. Liu et al., 2017; J. Liu et al., 2020; Miranda et al., 2009; Zhang et al., 2021). When studied in an experi-
mental setup, the changes in temporal structure are commonly summarized under the “fewer but larger events” 
scheme, with more large rainfall events occurring at the expense of lighter/medium events, which also implies 
increased interstorm periods (e.g., Heisler-White et al., 2008; Knapp et al., 2002; W. J. Liu et al., 2017; Zhang 
et al., 2021). However, the extent to which the “fewer but larger events” concept relates to realistic projections 
has not been quantified yet. This is because only recently we are having in our disposal robust climate simulations 
that can quantify these changes in rainfall structure, overcoming the well-known problems of large-scale GCMs 
in simulating rainfall (Prein et al., 2015; Stephens et al., 2010).
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In summary, disentangling the effects of the multiple facets of realistic rainfall changes on water/carbon dynamics 
still represents a challenge due to: (a) climate model biases and shortcomings regarding projections of rainfall 
intensification, (b) the uncertainties inherent to the stochastic variability of weather (especially rainfall), which 
cannot be captured by field manipulation experiments typically lasting <4 yr, and (c) difficulties in constructing 
multi-factorial field experiments designed to implement realistic scenarios of rainfall changes, and effectively 
disentangle the effects of concurrent changes in mean annual rainfall, seasonality, and temporal structure.

In this study, we make use of continental-wide high-resolution (∼4 km, 1 hr) outputs of convection-permitting 
models (CPMs) that have recently been employed, yielding very promising results in simulating fine-scale rain-
fall statistics (Jacob et al., 2014; Kotlarski et al., 2014; Prein et al., 2015). Using this new stream of data and a 
weather generator we disentangle the changes in mean annual rainfall, rainfall seasonality, and fine-scale tempo-
ral structure of rainfall, and with the use of a state-of-the-art terrestrial biosphere model, we quantify how those 
changes impact the coupled water/carbon dynamics in various ecosystems in the United States.

The specific questions addressed in this study are: (a) How is altered rainfall under realistic climate change sce-
narios expected to affect different ecosystems across climates? (b) What is the relative importance of the different 
components of changes in rainfall (mean annual rainfall, seasonality, and temporal structure) on water and carbon 
fluxes across different ecosystems? (c) How do realistic convection-permitting projections of rainfall temporal 
structure differ from manipulations following the “fewer but larger events” concept commonly employed in field 
experiments?

2.  Materials and Methods
2.1.  Numerical Experiment Overview

High-fidelity rainfall projections from the Weather Research Forecasting (WRF)—CPM simulations under a 
high emission scenario (Representative Concentration Pathway [RCP] 8.5; see Section 2.3) are extracted (C. 
Liu et al., 2017) for 33 locations in the United States and Canada (see Section 2.4.1). Due to their short record 
(13  yr), the projections are extended with the use of a stochastic weather generator (see Section  2.2.2), and 
100-yr long rainfall for 11 rainfall change scenarios are generated for each location (see Section 2.4.2). These 
scenarios are used as an input to the state-of-the-art terrestrial biosphere model Tethys-Chloris (TC; Fatichi 
et al., 2012a, 2012b) operating at the hourly scale, to study their impacts on ecosystem scale water/carbon dy-
namics (see Section 2.2.1). Each rainfall scenario serves to isolate the effects of the different aspects of rainfall 
change (mean annual rainfall, seasonality, and temporal structure; see Section 2.4.2). Scenarios where rainfall is 
manipulated following common field experiment protocols are also constructed to compare with the ones driven 
by WRF projections (see Section 2.4.2).

Percentage changes (%) of key variables and fluxes at the annual scale between the current climate scenario (ci) 
and any of the future scenarios (fi) for each site i, and each ecohydrological variable Y, are expressed as:

Δ𝑖𝑖(𝑌𝑌 )(%) = 100 ⋅
𝑌𝑌𝑓𝑓𝑓𝑓 − 𝑌𝑌𝑐𝑐𝑐𝑐

𝑌𝑌𝑐𝑐𝑐𝑐

� (1)

Statistical significance at the 5% level between the control and future scenarios is inferred based on a two-sample 
Kolmogorov-Smirnov test modified to take into account the lag-1 auto-correlation for each variable (see Supple-
mental Methods and Figure S1 in Supporting Information S1). To facilitate comparisons between sites, all water 
flux variables where normalized by the site’s annual rainfall, and changes (%) are expressed as:

Δ𝑟𝑟𝑖𝑖(𝑌𝑌 )(%) = 100 ⋅

(

𝑌𝑌𝑓𝑓𝑓𝑓

𝑃𝑃𝑓𝑓𝑓𝑓

−
𝑌𝑌𝑐𝑐𝑐𝑐

𝑃𝑃𝑐𝑐𝑐𝑐

)

,� (2)

where Pci and Pfi are the site’s precipitation under the control ci and future fi scenarios respectively.
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2.2.  Models

2.2.1.  Tethys-Chloris

The state-of-the-art terrestrial biosphere model TC (Fatichi et al., 2012a, 2012b) is a mechanistic model that rep-
resents at the hourly scale essential physical, biophysical, and biogeochemical land surface processes.

The hydrological component of TC resolves all relevant hydrological processes including canopy interception 
and throughfall, which are a function of precipitation intensity, and leaf and stem area index. TC represents snow 
hydrology in detail, accounting for snow interception, solving the snowpack energy and mass balances, and es-
timating snow accumulation, melt, and associated albedo changes. Vadose zone dynamics are represented with 
the 1D Richards equation, and infiltration excess and saturation excess runoff are also computed. A sink term 
representing water uptake by the plants depending on the vertical distribution of root biomass profile is included.

The surface energy balance is based on the commonly used resistance analogue including resistance terms for 
aerodynamic, leaf boundary layer, under-canopy, soil, and stomatal resistances. Amongst all resistance terms the 
two most important for this study are the stomatal resistance, which is based on the Leuning (1995) model, and 
the soil resistance modeled according to Shahraeeni et al. (2012). A “two-big-leaves” scheme and the two stream 
approximation are used to solve for canopy radiative transfer, which in turn is used to solve the land surface en-
ergy budget. Scaling from leaf to canopy is based on the vertical distribution of nitrogen and light in the canopy.

In terms of vegetation physiology, the biochemical model of leaf photosynthesis employed in TC is based on 
modifications of the Farquhar et al. (1980) model (Bonan et al., 2014; Collatz et al., 1991, 1992; Dai et al., 2004; 
Kattge & Knorr, 2007; Leuning, 1995; Sellers et al., 1996), and it is essential to solve for stomatal resistance. 
Assimilated carbon which is not respired, is partitioned among five pools (leaves, living sapwood, fine roots, 
carbohydrate reserves, and flower and fruits), following a semi-empirical allocation scheme. Carbon can be sub-
sequently converted into heartwood and standing dead leaves, and undergo turnover as a function of tissue age, 
drought, and cold temperature stresses. Vegetation phenology is simulated through empirical formulae based on 
root zone temperature, photoperiod length, and soil moisture content.

Plant water stress is parameterized with the use of a simple stress factor β, which is directly applied to the gross 
assimilation rate, and is a function of leaf water potential and two parameters Ψst and Ψ50, which relate to the 
beginning, and 50% of stomatal closure respectively.

TC has been thoroughly validated against observational and experimental data in previous studies, and has been 
found to perform well across a larger range of biomes and climates (e.g., Fatichi & Ivanov, 2014; Mastrotheodor-
os et al., 2020; Paschalis et al., 2015, 2017).

2.2.2.  Advanced Weather Generator (AWE-GEN)

Synthetic meteorological data are generated with the AWE-GEN stochastic weather generator (Fatichi et al., 2011; 
Peleg et al., 2017) in order to extend the 13-yr WRF simulations to a 100 yr-long simulation of “stationary” cli-
mate. This is necessary to better understand interannual variability effects. The generator simulates precipitation, 
air temperature, air humidity, cloudiness, wind speed, and shortwave radiation time series at the hourly scale, 
while preserving the mean and higher-order statistics for all variables, as well as to a large extent their depend-
encies (e.g., synchronous and lagged cross-correlations). Rainfall is computed first and, based on the known 
occurrence of rainfall, the other atmospheric variables are computed maintaining physical consistency among 
variables (e.g., lower radiation and a smoother temperature cycle in a cloudy day).

AWE-GEN computes rainfall using the Neyman-Scott Rectangular Pulse Model (Paschalis et  al.,  2014).The 
parameters of the model include the storm arrival rate, the number of cells in a storm, the within-storm rainfall 
cell arrival rate, and the parameters that describe the probability distributions of the rainfall cell duration and in-
tensity. All model parameters vary with the calendar month. Possible biases in replacing WRF rainfall with AWE-
GEN simulated rainfall have a negligible impact on simulated water/carbon dynamics (Supplemental Methods 
and Figure S2 in Supporting Information S1).
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2.3.  Data

The current and future climate scenarios for each site location are based on the continental-wide simulations of 
the WRF CPM, operating at a ∼4 km, 1-hr resolution over North America (C. Liu et al., 2017). The CTL-WRF 
simulation is a 13-yr retrospective simulation of the present climate driven by ERA-Interim reanalysis data. 
The future climate projection (PGW-WRF) is a 13-yr simulation of the future end-of-century climate under a 
high-emissions scenario (RCP8.5), and was generated with a pseudo global warming approach, using the mul-
ti-model (19 GCMs, Coupled Model Intercomparison Project Phase 5 [CMIP5]) ensemble-mean change from 
1976–2005 to 2071–2100 (C. Liu et al., 2017). The performance of the WRF simulations in representing rainfall 
has been evaluated and the projected rainfall intensification has been thoroughly documented in previous studies 
(Cannon & Innocenti, 2019; Dai et al., 2020; C. Liu et al., 2017; Moustakis et al., 2021; Prein, Liu, Ikeda, Bull-
ock, et al., 2017; Prein, Liu, Ikeda, Trier, et al., 2017; Prein, Rasmussen, et al., 2017; Rasmussen et al., 2020; 
Scaff et al., 2019).

For each site of interest, all atmospheric variables are extracted from CTL-WRF. Present and projected rainfall 
are extracted from CTL- and PGW-WRF. Statistics extracted from the WRF simulations are used to parameterize 
the weather generator. One statistic that is very important but difficult to estimate robustly due to the short length 
of the WRF simulations is the coefficient of variation of annual rainfall, and its change from the current to the 
future climate. To obtain this estimate, the relative change from the current to the future climate is estimated 
based on CMIP5 RCP8.5 mean multi-model (32 climate models), multi-ensemble estimates (5.4% ± 3.8% [mean 
% ± % standard deviation] increase of coefficient of variation across all sites). Such changes in the coefficient 
of variation of rainfall are generally insufficient to affect the variability of productivity (Figure S3 in Supporting 
Information S1).

2.4.  Rainfall Scenarios and Case Studies

2.4.1.  Case Studies

The 33 sites used in this study cover a wide range of climates and biomes over North America (Figure 1 and Data 
Set S1). TC has been parameterized and validated over these 33 sites in previous studies and has been found to 
reproduce well observations (Fatichi & Pappas, 2017; Paschalis et al., 2018; also in Figures S4–S9 and Supple-
mental Methods in Supporting Information S1). Tropical biomes are not represented in this study, as the extent 
of the WRF simulations does not cover any region in the tropics.

The wetness index (WI) of each site is expressed as the ratio of mean annual rainfall to Potential Evapotranspi-
ration, approximated as λ−1Rn (Roderick et al., 2014), where λ is the latent heat of vapourization, and Rn is the 
modeled net radiation. Based on WI, we define sites as dry (WI < 0.65), wet (WI > 1.1), and intermediate (in 
between).

2.4.2.  Experiments

Time series with a length of 100 yr of stationary climate were found to be a good compromise between computa-
tional time and the sample size needed to robustly quantify interannual variability with confidence (Supplemental 
Methods and Figure S10 in Supporting Information S1). Throughout the 100-yr hourly simulations, CO2 is held 
constant at 409.8 ppm (2019 global mean average). As the focus of the present study is purely changes in rainfall, 
we did not opt for a multi-factorial experiment, and all atmospheric variables other than rainfall refer to the cur-
rent climate, and are computed based on CTL-WRF statistics fed to AWE-GEN. In a strict sense, pairing future 
rainfall with current climatic conditions violates the global energy and water budget, but this is unavoidable in 
any setup that tries to isolate the effect of a specific driver of change. Nevertheless, as we use AWEGEN to gen-
erate the meteorological forcing, the variables remain physically consistent and are influenced by the occurrence 
of rainfall (see Section 2.2.2), and therefore a given rainfall scenario. A flat terrain is assumed and simulations 
are essentially one-dimensional in the vertical direction. The experiments are as follows:

2.4.2.1.  Control Rainfall and Future Rainfall

In the control (future) rainfall scenario, NSRPM is calibrated based on CTL-WRF (PGW-WRF) rainfall.
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2.4.2.2.  Mean Annual Rainfall Change

Only the PGW-WRF projected mean annual rainfall changes are applied to the rainfall time series, while season-
ality and temporal structure refer to CTL-WRF. To do so, NSRPM is calibrated based on CTL-WRF, as in the 
control scenario. The simulated non-zero rainfall values are then re-scaled by a multiplicative factor to match the 
desired long term mean annual rainfall, as in Equation 3:

𝑃𝑃 = 𝑃𝑃 1
⋅

𝑀𝑀𝑀𝑀𝑀𝑀𝑓𝑓

𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐

,� (3)

where P and P1 are the adjusted and originally simulated rainfall time series respectively. MAPf and MAPc are the 
future and control mean annual precipitation, respectively.

2.4.2.3.  Seasonality Change

Only the PGW-WRF projected seasonality changes are applied, while mean annual rainfall and temporal structure 
refer to CTL-WRF. NSRPM is calibrated based on CTL-WRF. The simulated non-zero rainfall values are then 
re-scaled by a multiplicative factor to match the desired long term seasonality, as in Equation 4:

𝑃𝑃 𝑖𝑖
= 𝑃𝑃 1,𝑖𝑖

⋅

𝐹𝐹𝐹𝐹𝐹𝐹 𝑖𝑖

𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖

⋅

𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐

𝑀𝑀𝑀𝑀𝑀𝑀𝑓𝑓

,� (4)

where Pi and P1,i are the adjusted and originally simulated rainfall for each month i, and 𝐴𝐴 𝐹𝐹𝐹𝐹𝐹𝐹 𝑖𝑖 and 𝐴𝐴 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 are the 
mean monthly amounts for the corresponding month.

Figure 1.  Sites used in this study: This figure shows the sites used in this study scattered over: (a) The Whittaker Biome 
Diagram. (b) A map covering the North American region. (c) A graph showing the dominant vegetation type at each 
site is also shown. Each site is represented by a colored symbol as indicated in the legend. A list of site details and the 
corresponding abbreviations can be found in Data Set S1.
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2.4.2.4.  Temporal Structure Change

Only the PGW-WRF projected changes in the temporal structure of rainfall are applied, while mean annual 
rainfall and seasonality refer to CTL-WRF. NSRPM is calibrated based on PGW-WRF. The simulated non-zero 
rainfall values are then re-scaled by a multiplicative factor to match the desired long term mean annual rainfall 
and seasonality, as in Equation 5:

𝑃𝑃 𝑖𝑖
= 𝑃𝑃 1,𝑖𝑖

⋅

𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖

𝐹𝐹𝐹𝐹𝐹𝐹 𝑖𝑖

,� (5)

where Pi and P1,i are the adjusted and originally simulated rainfall for each month i, and 𝐴𝐴 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖 and 𝐴𝐴 𝐹𝐹𝐹𝐹𝐹𝐹 𝑖𝑖 are the 
mean monthly control and future amounts for the corresponding month.

By re-scaling rainfall, we purposely alter intensities, however the other features of the temporal structure of rain-
fall (i.e., storm structure, duration, and frequency) remain almost intact. Hence, such an approach was preferred, 
since preserving the rainfall structure is a major focus of this study. Additionally, the separation of the different 
drivers of rainfall change performed here is meaningful, as confirmed by the isolated effects of mean annual rain-
fall, seasonality, and temporal structure of rainfall, which additively yield almost the same ecosystem responses 
of the case with totally altered rainfall (Figure S11 in Supporting Information S1), highlighting the robustness of 
the approach.

2.4.2.5.  Fixed Dry Intervals (D)

In those scenarios, we follow common field practices applied in ecology where the consequences of the “fewer 
but larger events” scheme are investigated. We modify the Control simulations by applying a fixed 5, 15, or 30-
day dry interval, but preserving the total amount of rainfall and seasonality, and create the D5, D15, and D30 
scenarios, respectively (Figure 2). The levels of manipulation imposed here are chosen to be comparable with 
the levels used in the literature (Figure 2). After each dry interval the corresponding cumulative rainfall obtained 
from the Control scenario in that period is applied at a constant rate. This rate is determined as the minimum 
among an assumed sprinkler capacity (10 mm/hr), the 0.995th quantile of modeled non-zero rainfall, and the 
saturated soil hydraulic conductivity, in order to avoid excessive water losses through surface runoff (see Supple-
mental Methods), which are unlikely to occur in real experiments.

Rainfall is always applied from 09:00 a.m. to follow common field practices and avoid very high or low evapora-
tive demand that could affect the results. Atmospheric variables which are physically correlated and affected by 
rainfall occurrence (i.e., cloudiness, shortwave radiation, air temperature, and humidity) are not recomputed after 
the manipulation. This mimics the mismatch that inevitably occurs in a real experimental setup. For example, 
manipulated rainfall is allowed to occur under clear-sky conditions.

2.4.2.6.  Removal of Fixed Percentage of Events (R)

Storm profile, duration, and volume characteristics are completely distorted under the fixed dry-intervals (D) 
scenarios and a less disruptive manipulation protocol is also employed as an alternative. This approach preserves 
storm characteristics and the changes in frequency and intensity are effectively isolated. The creation of scenarios 
R25, R50, and R75 is composed of randomly removing 25%, 50%, or 75% of Control rainfall events (>1 mm), 
respectively. Events are removed in any given month, and their amounts are equally redistributed to the remaining 
events by re-scaling them without changing their temporal structure. The remaining events are then randomly 
reallocated within the month based on a Poisson process with a rate of arrival (i.e., number of occurrences per 
unit of time) λ that is estimated as λ = n/m, where n is the number of remaining events, and m is the number of 
hours in each month. The inter-arrival time in a Poisson process is an exponentially distributed random variable 
with mean 1/λ. A minimum 4-hr dry interval is assumed to define statistically independent rainfall events. Mean 
annual rainfall and seasonality are preserved in this setup. Based on the modified rainfall occurrence, all atmos-
pheric variables are then recomputed with AWE-GEN to maintain physical consistency.
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3.  Results
3.1.  Ecosystem Responses Under Altered Rainfall

Dry, intermediate, and wet sites respond differently to projected changes in mean annual rainfall, rainfall season-
ality, and temporal structure of rainfall at finer temporal scales.

The effects of the different components of rainfall intensification are largely additive (Figure S11 in Supporting 
Information S1) as demonstrated in Figure 3, where the average effects of the total rainfall changes are shown, 
expressed as percentage changes following Equation 1 (Figures 3a–3c) and Equation 2 (Figures 3d–3h). In Fig-
ure 4, the effect of the interannual variability of rainfall on net primary productivity, NPP, and the interannual 
variability of NPP for all treatments are shown. Detailed ecosystem responses (%) for all relevant ecohydrological 
variables, along with p-values of the two-sided Kolmogorov-Smirnov test regarding the distribution similarity 
between future and control scenarios for all sites are listed in detail in the table that supplements this work (Data 
Set S1).

Mean annual rainfall increases dominate responses at dry sites. In particular, annual NPP increases by +5.76%, 
being driven primarily by mean annual rainfall increases (+7.59% increase in NPP; Figure  3a), and is only 
slightly affected by changes in seasonality (−0.64%) and temporal structure (−0.48%), which however seem to 

Figure 2.  An overview of rainfall manipulation field experiments which studied the “fewer but larger events” hypothesis, 
found in the literature, with the intensity of rainfall manipulation being expressed as: (a) Percentage (%) of rainfall events 
removed. (b) Fixed dry intervals (days). (c) A histogram of the distribution of WRF-projected reductions in rainfall events 
for the 33 sites used in this study. Negative values indicate an increase in the number of events. (d) Probability that a year 
in the Future scenario exhibits a number of events corresponding to an event removal exceeding 25%, 50%, and 75% from 
mean Control conditions for each site. Manipulations are grouped based on field experiments conducted over A: Konza 
Prairie Biological Station, Manhattan, KS, USA (Fay et al., 2008, 2011; Felton et al., 2020; Harper et al., 2005; Heisler-White 
et al., 2009; Knapp et al., 2002), B: Inner Mongolian Grassland Ecosystem Research Station, Inner Mongolia, China (W. J. 
Liu et al., 2017), C: Central Plains Experimental Range, Nunn, CO, USA (Heisler-White et al., 2008, 2009), D: Agricultural 
Research Center-Hays, Hays, KS, USA (Heisler-White et al., 2009), E: Songen Grassland Ecological Research Station, 
Inner Mongolia, China (Zhang et al., 2021), F: Ordos Sandland Ecological Research Station, Inner Mongolia, China (Gao 
et al., 2015), G: DRI-Grass Experimental Platform, Richmond, NSW, Australia (Power et al., 2016), and H: Southeastern 
Spain (Miranda et al., 2009). In subplot (a) and (b) the D and R manipulations employed in this study are also shown. WRF-
projected event reduction (%) is also shown in subplot (a) for sites A, C, and D which are located within the WRF domain 
(see Supplemental Methods).
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offset the signal that would result from the mean annual rainfall change alone (Figures S12–S15 in Supporting 
Information S1). The total increase in NPP is concurrent with a total increase of +7.25% in Leaf Area Index, LAI 
(Figure 3b). Similarly, the increase in growing season soil moisture θ (+2.59%) is also mostly affected by increas-
es in mean annual rainfall (which contributed +3.85%; Figure 3c), explaining the pattern of NPP, as plant water 
stress is dependent on θ. Regarding the hydrological cycle, the ratio of Leakage to total precipitated water, Lk/P, 
increases by +4.40%, which can mostly be attributed to the contribution from mean annual rainfall (+3.72%; 
Figure 3d). The ratio of transpiration to total precipitated water T/P decreases by −2.97%, driven mostly by the 
contribution from mean annual rainfall increase (−3.02%), as transpiration increases not as much as precipitation, 
even though its absolute amount in the future scenario is larger than in the control (Figure 3f).

Changes in seasonality dominate responses at intermediate sites, due to a reduction in mean growing season 
rainfall (Figure S16 in Supporting Information S1), mostly over deciduous forests (Figure S17 in Supporting 
Information S1). More specifically, NPP and θ are reduced by −5.34% and −2.01%, respectively, with reductions 
being mostly attributed to changes in seasonality, where seasonality induced θ decrease is −4.43% and for NPP 
is −4.89% (Figures 3a and 3c and Figures S12–S15 in Supporting Information S1). Mean annual rainfall increase 
stimulates NPP (+1.94%; Figure 3a and Figure S13 in Supporting Information S1), while the temporal structure 

Figure 3.  Partitioning the effects of the different components of rainfall intensification: Bar graphs summarizing the effects 
of the different aspects of rainfall changes on (a) NPP, (b) LAI, (c) soil moisture, (d) leakage to bedrock, (e) runoff, (f) 
transpiration, (g) evaporation from water intercepted by vegetation canopy (interception Ev.), and (h) evaporation from the 
ground (ground Ev.) for all sites lumped across the aridity gradient indicated by the colorbar on the bottom left. Changes 
in (a)–(c) are mean percentage changes relative to the control scenario, following Equation 1. Changes in the water fluxes 
(d)—(h) are expressed as mean percentage changes in the fractions of the total precipitated water, following Equation 2 (see 
Section 2.1). The numbers at the bottom refer to the mean values under the Control scenario. The different components of 
rainfall changes (i.e., total change (all), mean annual rainfall amounts, seasonality, and temporal structure) are indicated by 
the colorbar at the bottom right. The black solid vertical lines indicate the mean ± (standard deviation) range.
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of rainfall reduces NPP (−2.66%; Figure 3a and Figure S15 in Supporting Information S1). The total decrease in 
NPP is consistent with a total decrease of −4.49% in LAI (Figure 3b).

The hydrological cycle also changes at intermediate sites, with marked increases in Lk/P, and T/P reductions. In 
particular, the marked Lk/P increase (+8.13%) is mostly attributed to mean annual rainfall changes (+4.01%), 
while seasonality and rainfall temporal structure contribute to a lower extent (+2.83% and +2.34%; Figure 3d). 
Mean annual rainfall and seasonality changes jointly lead to a small increase in the ratio of runoff to total precip-
itated water R/P (+0.37%), while changes in the temporal structure of rainfall do not affect R/P (Figure 3e). Total 
T/P is reduced under future rainfall (−5.62%), due to increases in mean annual rainfall and changes in season-
ality. In particular, under increased mean annual rainfall T/P is reduced (−2.78%), due to less than proportional 
increase of transpiration than precipitation (Figure S13 in Supporting Information S1). Under altered seasonality 
T/P is also reduced (−2.19%), since T is reduced in absolute amounts, following NPP and LAI reductions (Fig-
ure 3e and Figure S14 in Supporting Information S1).

At wet sites, vegetation dynamics are largely insensitive to changes in rainfall, and changes in rainfall mostly 
affect the water fluxes. In particular, despite a marked increase in θ (+5.13%) attributed to the increase in mean 
annual rainfall (+6.41%), NPP is not affected significantly (−0.25%; Figures 3a–3c and Figure S12–S15 in Sup-
porting Information  S1). On the contrary the hydrological cycle is considerably altered with increased Lk/P 

Figure 4.  Interannual variability and variability between scenarios: Boxplots showing NPP responses to different levels of 
annual rainfall, for different scenarios, over dry, intermediate, and wet sites. For each year, class of sites, and treatment, NPP 
is expressed as z-scores, with respect to the mean and standard deviation of NPP of the Control scenario corresponding to 
each site, respectively. For each treatment, all z-scores are grouped based on wetness index (dry, intermediate, and wet sites), 
and on rainfall bins, defined by the quartiles of normalized annual rainfall. The different scenarios are indicated by the colors 
shown in the colorbar. The scenarios are abbreviated as; CTL (Control), FUT (Future), MAP (only mean annual precipitation 
changes), SE (only seasonality changes), TS (only temporal structure changes), D (lumped D5, D15, and D30), and R (lumped 
R25, R50, and R75).
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(+6.32%) and R/P (+1.20%), primarily due to changes in mean annual rainfall (Lk/P + 5.73%, R/P + 0.60%), and 
to a smaller degree to changes in rainfall seasonality (R/P + 0.23%).

A strong correlation between the amount of water that is totally lost due to leakage and runoff, and NPP exists, 
explaining ∼86% of NPP variance under altered seasonality, and ∼36% of NPP variance under altered rainfall 
temporal structure (Figure S18 in Supporting Information S1).

On average, the ratio of water intercepted by canopy and evaporated to total precipitated water InE/P, and the ratio 
of water evaporated from the ground to total rainfall GrE/P slightly decrease, while the ratio of transpiration to 
total evapotranspiration T/ET remains stable. In particular, across all climates, expected changes in rainfall struc-
ture alone will decrease InE/P by −0.91%. Increases in mean annual rainfall can stimulate productivity and lead 
to increases in LAI which by itself could increase InE/P. However, by re-scaling current rainfall to match future 
rainfall amounts, we effectively increase rainfall intensities and, hence, InE/P is also reduced under increased 
mean annual rainfall (−0.43%; Figure 3g). GrE/P is reduced at intermediate (−1.05%) and wet (−0.79%) sites, 
mostly driven by changes in mean annual rainfall (−0.43% and −0.57%), and to a smaller degree in seasonality 
(−0.66% and −0.13%; Figure 3h). Changes in rainfall structure alone increase T/ET (+1.48%; Figures S12 and 
S13 in Supporting Information S1), contrary to the increases in annual precipitation that decrease T/ET at a sim-
ilar magnitude (−1.02%), leading to an overall stable ratio (+0.35%) when all rainfall changes are considered.

Interannual variability of rainfall also impacts vegetation dynamics, and the interannual variability of NPP asso-
ciated with the interannual variability of rainfall is considerably larger than the variability of NPP induced by the 
various treatments at dry and intermediate sites (Figure 4). In fact, for comparable annual rainfall levels there is 
a significant overlap in the distributions of annual NPP responses among different treatments (Figure 4). At dry 
sites, where vegetation is water limited, productivity is substantially higher during wet years and lower in dry 
years (Figure 4), while at intermediate ones, the relationship between annual rainfall and NPP is saturating as 
rainfall increases, and productivity does not benefit from additional water during wetter years. At wet sites, which 
are not water limited, the interannual variability of rainfall does not affect NPP, but is important in shaping the 
interannual variability of the water cycle.

The future increases in mean annual rainfall suggest an increase in the frequency of wet years, with respect to the 
current climate. Given the sensitivities of NPP to the interannual variability of rainfall, this increase in frequency 
of wet years leads to an overall increase in mean NPP at dry sites. At intermediate sites, as mean annual rainfall 
increases, dry years (with respect to the control rainfall amounts) become less frequent and this enhances plant 
productivity.

3.2.  CPM Driven Responses Versus Rainfall Manipulation Experiments

Under the scenarios of fixed dry-intervals (D) and removal of fixed percentage of events (R), mimicking the 
“fewer but larger events” scheme commonly employed in field experiments, stronger ecosystem responses are 
simulated, compared to the ecosystem responses to WRF-projected temporal structure of rainfall presented in 
Section 3.1 (Figure 5, and Figure S19–24 in Supporting Information S1, and Data Set S1).

At dry sites productivity is slightly stimulated and marked Lk/P and R/P increases are reported, while InE/P and 
GrE/P are reduced. In particular, NPP increases only by +1.81% under D30, and +1.75% under R75, however in 
most cases changes are statistically insignificant (Figure 5a), while θ changes are also small (+1.63% under D30 
and −1.49% under R75; Figure 5c). Variability is strong for the heavier manipulations D30 and R75. Lk/P increas-
es with D scenarios (+2.93% under D30) and the changes are stronger than in the R simulations (+1.62% under 
R75; Figure 5d). T/P also increases in the R scenarios (+4.31% under R75), responding more notably than for the 
D scenarios (+1.95% under D30; Figure 5f). Simulated changes in Lk/P and T/P in the heavier manipulations are 
stronger than those simulated with the WRF-projected rainfall temporal structure changes. InE/P (−3.43% under 
D30) and GrE/P (−1.58% under D30) also decrease more than in the simulations with WRF-projected rainfall 
temporal structure changes (Figures 5g and 5h).

At intermediate sites NPP is reduced, Lk/P and R/P are found to increase, while InE/P and GrE/P are reduced. 
In particular, the vegetation dynamics show a mixed signal of mostly minor responses under the lighter rainfall 
manipulations (Figures 5a, 5b, and Figure S19–S24 in Supporting Information S1). However, the heavier manip-
ulations yield a clearer signal of a statistically significant decrease of NPP (−2.24% under D30 and −4.13% under 
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R75), which far exceeds any impacts obtained by WRF-projected changes in rainfall temporal structure (Fig-
ures 5a and 5b). Most hydrological fluxes are also significantly altered in the R and D scenarios (Figures 5d–5h). 
Lk/P increases more strongly under D30 (+4.63%) and R75 (+4.04%; Figure 5d). R/P increases (+0.86% under 
D30 and +0.10% under R75), while InE/P also decreases (−4.35% under D30 and −5.23% under R75; Figures 5e 
and 5g). GrE/P decreases under D30 (−1.65%; Figure 5h), with statistically insignificant mixed responses under 
lighter manipulations. Statistically insignificant T/P increases are obtained under R scenarios (+1.14% under 
R75; Figure 5f).

Wet sites respond similarly to intermediate ones, albeit with stronger increases in R/P. In particular, NPP de-
creases significantly under the heavier D30 (−2.91%) and R75 (−1.70%) manipulations, combined with a LAI 
and θ decrease (Figures 5a–5c and Figures S19–S24 in Supporting Information S1). R/P increases more strongly 
(+3.74% under D30 and +1.40% under R75) and InE is more strongly reduced (−7.14% under D30 and −5.48% 
under R75) compared to intermediate sites (Figures 5e, 5g, and Figure S22 in Supporting Information S1).

A correlation between the amount of water, that is, totally lost due to leakage and runoff and NPP explains ∼30% 
to 36% of NPP variance for D15, D30, R50, and R75 (Figure S25 in Supporting Information S1). Deciduous for-
ests respond more strongly than evergreen forests (Figure S26 in Supporting Information S1), while shrublands, 
grasslands, and mixed shrublands/grasslands appear to be overall less responsive to manipulations (Figure S26 
in Supporting Information S1). T/ET generally increases with the increase becoming stronger as wetness and 
manipulation intensity increases, reaching up to a 10% increase (Figures S19–S24 in Supporting Information S1).

Figure 5.  Impacts of heavy manipulations of rainfall temporal structure: Same as Figure 3, but for the D and R scenarios. 
For each variable, the orange patches indicate the mean ± (standard deviation) of ecosystem responses under the scenario 
simulated with WRF-projected changes in the temporal structure of rainfall (TS).
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The heavier D30 and R75 scenarios yield responses of comparable or even stronger magnitude in all water 
fluxes, when compared to the experiments reported in Section 3.1 (Figure S27 in Supporting Information S1). 
Regarding NPP responses, the effect of D30 (+1.81%) and R75 (+1.75%) scenarios is less important at dry sites, 
where mean annual rainfall changes remain dominant (+7.59% effect on NPP; Figure S27 in Supporting Infor-
mation S1). At intermediate sites, changes in NPP under D30 (−2.24%) and R75 (−4.13%) are comparable with 
the impact of seasonality changes (−4.89% effect on NPP; Figure S27 in Supporting Information S1). At wetter 
sites, NPP is reduced by −2.91% in D30 and by −1.70% in R75, contrary to the negligible impacts of total rainfall 
change (−0.25% effect on NPP; Figure S27 in Supporting Information S1).

4.  Discussion
4.1.  Expected Changes in Ecosystem Dynamics Under Changing Rainfall

The overall simulated pattern suggests that with projected rainfall changes, vegetation is stimulated at dry sites, 
and suppressed at intermediate ones, while plants at wet sites are largely insensitive to these changes (Figure 3). 
Water losses as Lk/P and R/P increase at the expense of the other water fluxes, mostly T/P. Despite ecosystem 
responses to changes in each aspect of rainfall variability have been studied separately, it remains unclear the 
relative importance of all those components under realistic high-resolution rainfall projections. Disentangling 
total ecosystem responses to the separate effects of changes in mean annual rainfall, seasonality, and temporal 
structure, is detailed here.

Mean annual rainfall increases are found to dominate water-limited sites, with the WRF-projected changes in 
seasonality having no marked effect. At the same time, changes in seasonality dominate the responses at in-
termediate sites, and more prominently in deciduous forests, offsetting any possible gains by increased mean 
annual rainfall (Figure 3). The reductions reported here are linked to a strong decrease in growing season rainfall 
(Figure S16 in Supporting Information S1), and a consequent increase in water losses (Figure S18 in Supporting 
Information S1). This demonstrates that seasonality changes can be very important at intermediate sites which, 
despite not experiencing chronic water stress, still lie near the boundaries of water-limitation in certain periods of 
the year, and are sensitive to changes in the seasonal rainfall distribution. Even though seasonality changes can 
potentially affect wetter ecosystems where sensitivity of productivity to annual precipitation is low (Baldocchi 
et al., 2018; Ritter et al., 2020; Wang et al., 2020), our results suggest that WRF-projected seasonality changes 
are not sufficient to affect these wet sites (Figure 3).

Importantly, the results suggest that WRF-projected changes in the fine-scale temporal structure of rainfall have 
a negligible impact across sites, irrespective of climate and vegetation type. This highlights the importance of 
mean annual rainfall and seasonality in driving productivity, as compared with changes in temporal structure, 
which are less relevant in this regard. The footprint of changes in temporal structure only emerges in the hydro-
logical components, with a consistent reduction in InE/P across sites, and R/P increases at wetter ones (Porporato 
et al., 2002). Our results confirm some previous studies on semi-arid sites (Densmore-McCulloch et al., 2016; 
Hao et al., 2017; W. J. Liu et al., 2017; Miranda et al., 2009), and contradict the observational findings of others, 
where statistically significant changes in productivity have been reported (Fay et  al.,  2003, 2008, 2011; Gao 
et al., 2015; Harper et al., 2005; Heisler-White et al., 2008, 2009; Knapp et al., 2002; Thomey et al., 2011; Zhang 
et  al.,  2021). However, diverging results have been reported throughout the literature depending on different 
experimental setups, locations, climate, vegetation types, and treatment protocols (Wilcox et al., 2015), and there-
fore it is not unlikely that the simulated negligible effects of rainfall temporal structure are realistic.

4.2.  Rainfall Temporal Structure Manipulation and Ecosystem Responses

Even though WRF projections of changes in temporal structure have a negligible impact on NPP, stronger eco-
system responses emerge under the numerical experiments where rainfall is manipulated following protocols 
commonly applied in field experiments (Figure 5). It should be noted that a direct comparison between the 100-yr 
simulations used here and field experiments, which typically last <4 yr (Wang et al., 2021), is not attempted in this 
study. However, we do quantify how extreme rainfall manipulation schemes such as the “fewer but larger events” 
concept affect ecosystems, in comparison with high-resolution realistic rainfall temporal structure projections.
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The emerging pattern (Figure 5) seems to agree with the conceptualization of Knapp et al. (2008), according to 
which amplified soil moisture fluctuations under “fewer but larger events” with prolonged dry-out periods alle-
viate water stress and benefit arid ecosystems, while at wetter ecosystems water thresholds for deep percolation 
are expected to be crossed more often, reducing water in the root zone and thus, vegetation productivity (Fay 
et al., 2003; Knapp et al., 2008).

However, our results also show a strong variability in responses among sites. On the one hand, this suggests that 
ecosystems with different vegetation, climates, and soil types respond differently to altered temporal structure 
(Heisler-White et al., 2009; W. J. Liu et al., 2017; Miranda et al., 2009). On the other hand, this indicates that even 
though the conceptual single-bucket model proposed by Knapp et al. (2008) can be informative for shallow-root-
ed grasses, it cannot represent the complex root-water-soil dynamics when woody species are considered, which 
typically have deeper roots and access multiple soil layers (Ross et al., 2012).

It is important to note that the “fixed Dry-intervals” (D) scenarios, which do not preserve storm characteristics 
largely agree with the “Removal of fixed percentage of events” (R) scenarios on productivity related responses 
(e.g., NPP and LAI). However, they diverge on the magnitude of changes in the hydrological components, espe-
cially for runoff. This indicates that even under extreme conditions, storm temporal characteristics at such fine 
temporal scales are not directly felt by plants. In other words, it is the storm total depth that is more important for 
ecosystem response (Post & Knapp, 2021).

This finding, along with the dominance of WRF-projected changes in mean annual rainfall and rainfall season-
ality over changes in the temporal structure of rainfall, coincides with previous research that reported the ability 
of ecosystems to dampen high-frequency rainfall variability (Stoy et al., 2009). Water precipitated at the fine-
scale is buffered by soils and can remain available to plants for longer periods (McColl et al., 2017) and, hence, 
high-frequency rainfall variability is essentially integrated over coarser temporal scales in the root zone (Paschalis 
et al., 2015; Verbruggen et al., 2021).

4.3.  The Realism of the “Fewer but Larger Events” Scheme in the Light of Rainfall Projections

In most field experiments changes in the temporal structure of rainfall are imposed under the “fewer but larger 
events” scheme, where heavy rainfall events become more frequent at the expense of light/medium ones, with a 
concurrent reduction in wet days (Knapp et al., 2008). The “fewer but larger events” concept employed in field 
experiments is commonly obtained through sheltered plots which capture naturally occurring rainfall, which is 
irrigated back to the plots after a fixed dry-interval, usually at a constant rate (see Section 2.4.2).

However, under such schemes, not only are storm characteristics distorted, but also the dry-intervals applied 
far-exceed model projections (Figure 2), even though some more realistic approaches based on the Clausius-Cla-
peyron scaling of rainfall have also been used (Holdrege et al., 2021). In particular, WRF-projected changes show 
on average only a ∼5% reduction in number of rainfall events over North America (Dai et al., 2020), and a median 
of ∼1% reduction over the sites used here (as increases also occur), which is far from typical experiments under 
which the number of rainfall events is reduced up to 80% (Figure 2). This divergence holds irrespective of how 
rainfall events are defined (4 hr dry interval, >1 mm). The probability with which years with number of events 
corresponding to 25%, 50%, and 75% removal can occur is quantified in Figure 2d, indicating that only 8%, 1.5%, 
and 0.7% of years on average exceed such levels of event reduction. This illustrates that such manipulation levels 
are too extreme and not in line with high-resolution convection-permitting projections.

The “fewer but larger events” concept is not only too extreme, but also quite different from rainfall change 
observations (Markonis et al., 2019). This compensation mechanism between heavier and lighter events at the 
local scale that is implied under the “fewer but larger events” concept might possibly occur regionally rather than 
temporally, with rainfall decrease in some areas compensating for the intensification of heavy events in others 
(Markonis et al., 2019). In fact, theoretical expectations and realistic projections suggest changes much more 
complex in nature, expressed with shifts and increases in the rainfall distributions (Dai et al., 2020; Markonis 
et  al.,  2019; Pendergrass & Hartmann,  2014), changes in storm duration, volumes, frequency, seasonality 
(Moustakis et al., 2021), and spatial extent (Chen et al., 2021), with different quantiles of precipitation (which 
are usually linked to different storm types) responding differently to climate change (Dai et al., 2020; Moustakis 
et al., 2021).
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The scenarios following the “fewer but larger events” concept suggest that such schemes are not only unrealistic 
from a strictly hydrological point of view, but also that such biases are relevant from an ecohydrological per-
spective as well, since they likely overestimate ecosystem responses, especially the different water fluxes, when 
compared to realistic WRF-projections of changes in the temporal structure of rainfall (Figure 5). In some cases, 
responses under numerical experiments where rainfall is manipulated are comparable or even greater than the 
effect of the total rainfall change, as projected by WRF (Figure S27 in Supporting Information S1). This means 
that field experiments implementing more realistic rainfall changes in line with projections are also needed (Ko-
rell et al., 2020b).

However, it should be highlighted that extreme manipulation experiments, pushing ecosystems toward their 
boundaries, usually do not aim to directly quantify climate change, but to understand the mechanisms leading to 
ecosystem responses. Hence, extreme manipulations are still undoubtedly very useful in this regard (De Boeck 
et al., 2020; Kayler et al., 2015; Korell et al., 2020a; Muller et al., 2020), and can also help further improve and 
parameterize terrestrial biosphere models, but they should be interpreted in this way, with the scope to increase 
mechanistic understanding, rather than making realistic projections.

4.4.  Outlook for Best Combination of Field and Numerical Experiments

The presented results reveal a remarkable dominance of interannual variability of rainfall over the variability 
between different treatments at dry and intermediate sites (Figure 4). This suggests that field experiments, which 
typically last <4 yr (Wang et al., 2021), are largely affected by interannual variability of rainfall, which can mask 
or exacerbate the true signal of imposed rainfall changes in ecosystem responses. This might be related to the 
remarks of Leuzinger et al. (2011), who reported that ecosystem responses to changes in various environmental 
drivers decrease as the duration of experiments increases. There is also a significant overlap in the distributions 
of NPP responses among different treatments (Figure 4), indicating that the responses are weak and large sam-
ples are needed for the signal to emerge. It should also be noted that within-treatment variability remains high 
even for comparable amounts of rainfall (Figure 4), remarking that rainfall is not the sole explanatory variable of 
NPP variability. This irreducible uncertainty is related not only to the inherent stochasticity of NPP (Huenneke 
et al., 2002), but also to the stochastic variability of all climatic variables (i.e., radiation, temperature, and humid-
ity) which comes into play. This variability is unavoidable, and cannot be taken into account even in experimental 
setups with many replicates, and different levels of rainfall manipulation, as it will affect meteorological forcing 
other than rainfall in the same way in all replicates.

Given the above arguments, we highlight that a proper consideration of the stochastic nature of rainfall and 
other climatic variables is urgently needed, and can be achieved with multi-year numerical experiments with 
properly constrained models, which can complement shorter-term field manipulation experiments. Numerical 
experiments, due to their relative strengths can serve as a test bed for hypotheses formulated based on field exper-
imental results, and as a tool to extend the statistical significance by simulating longer periods and a larger range 
of conditions. Conducting more field experiments to separate treatment signal from the noise generated by the 
chaotic nature of climate would also be helpful in this regard.

4.5.  Limits of the Interpretation

CPMs are computationally expensive and their simulations are constrained to short records and few—if any—
ensemble members, making them difficult to use directly, if weather stochasticity is relevant for the question 
of interest. However, they can still provide useful insight into the expected signal and magnitude of changes in 
higher-order rainfall statistics, and at fine spatiotemporal scales. It should also be noted that the simulations used 
here refer to a high-end emissions scenario (RCP8.5). This implies that under lower emission scenarios, where 
changes in rainfall can be milder than the ones reported here, ecosystem responses could also be weaker. For 
example, smaller mean annual rainfall increases would stimulate water-limited sites less, while changes in the 
temporal structure, which already have a negligible impact under RCP8.5, would have an even smaller effect. 
Hence, more multi-ensemble continental-wide CPM simulations for different emission pathways are definitely 
needed to better capture the signal and uncertainty of rainfall changes (Moustakis et al., 2021).

In this study, only a single model—the TC terrestrial biosphere model—has been employed and, hence, the 
results are affected by the model structure (e.g., parameterization of vegetation water stress). In a recent model 



Journal of Geophysical Research: Biogeosciences

MOUSTAKIS ET AL.

10.1029/2021JG006735

16 of 21

intercomparison the performance of terrestrial biosphere models in simulating rainfall manipulation experiments 
was assessed (Paschalis et al., 2020). Models, mostly due to uncertainties in estimating water stress and long-
term leaf area dynamics exhibited a positive bias in simulating the sensitivity of productivity to rainfall (Paschalis 
et al., 2020; Ukkola et al., 2021). However, most models were able to properly estimate the sign of change, even 
though there was disagreement in the magnitude. Nevertheless, model improvements in representing soil-plant 
hydraulics are definitely necessary to refine the estimate of NPP responses to rainfall changes (Y. Liu et al., 2020).

Plant succession dynamics, which are not currently simulated in TC, can play an important role in regulating eco-
system responses in the long-term. Shallow-rooted grasses rapidly respond to rainfall (Verbruggen et al., 2021), 
while woody plants with deeper roots may benefit under increased water content in deeper soil layers, and out-com-
pete shorter plants for light, favoring encroachment (Gherardi & Sala, 2015; Holdrege et al., 2021). Plants can 
also exhibit a strong plasticity in response to altered rainfall, by changing their root characteristics (Engelhardt 
et al., 2021; Mueller et al., 2018; Padilla et al., 2013), growth, and reproductive strategies, in order to maximize 
water uptake through the roots, capture more light, and maintain reproductive effort (Gao et al., 2015; Wilcox 
et al., 2017). However, uncertainty remains over such strategies (Byrne et al., 2013; Griffin-Nolan et al., 2021; 
Post & Knapp, 2021; Wilcox et al., 2017), which are unlikely captured by the simple carbon allocation scheme 
used in TC.

The soil biogeochemistry module of TC representing soil microbiology and nitrogen, phosphorus, and potassium 
dynamics (Botter et al., 2021; Fatichi et al., 2019) was deactivated in this study, as local parameterizations of soil 
biogeochemical processes are still challenging. Hence, the various soil carbon and nutrient dynamics triggered 
by altered rainfall, which can co-regulate productivity, are not accounted for (Austin et al., 2004; Engelhardt 
et al., 2021; Hu et al., 2018; Huxman et al., 2004; Manzoni et al., 2012).

Water redistribution via overland flow, lateral subsurface flows and hillslope orientation can alter water and 
energy limitations in ecosystems (Fan et  al.,  2019; Peters et  al.,  2012; Tai et  al.,  2021), but such effects are 
unaccounted for in our experiments, where a flat terrain is assumed. Finally, it should be noted that TC only 
resolves land surface processes, and land-atmosphere feedbacks (Berg et al., 2016; Santanello et al., 2018) are 
not represented here.

5.  Conclusion
Future rainfall projected by CPMs is shown to considerably affect the carbon and water cycles over a wide range 
of North American biomes, mostly due to changes in mean annual rainfall and seasonality. Changes in annual 
rainfall are dominant at dry ecosystems, however, at intermediate ones, changes in seasonality outpace the ben-
efits of increase in mean annual rainfall. Projected changes in the fine-scale temporal variability of rainfall have 
a negligible impact on ecosystem productivity, and their footprint only emerges on the components of the water 
cycle. Soils tend to cushion rainfall variability at such fine scales and integrate it over coarser temporal scales 
and, hence, storm characteristics, frequency, and precipitation extremes are shown to be less relevant for ecosys-
tem productivity. However, when rainfall is unrealistically manipulated, as often happens in field experiments, 
ecosystem responses are likely exacerbated.

Our study showcases how numerical experiments with a terrestrial biosphere model can benefit from high-resolu-
tion continental-wide CPM simulations which have recently been employed, and have provided, for the first time, 
realistic rainfall projections at fine spatiotemporal scales relevant to ecohydrological dynamics, without the need 
for employing downscaling, or debiasing techniques. Such multi-year numerical experiments can complement 
field experiments and help quantify the uncertainties related to the interannual variability of climate and rainfall 
in particular, thus isolating the signal of ecosystem responses induced by various components of long-term rain-
fall changes.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.



Journal of Geophysical Research: Biogeosciences

MOUSTAKIS ET AL.

10.1029/2021JG006735

17 of 21

Data Availability Statement
The High Resolution Weather Research and Forecasting (WRF) Simulations of the Current and Future Climate 
of North America is obtained by the Research Data Archive (RDA) of the National Center for Atmospheric Re-
search (NCAR; https://rda.ucar.edu/datasets/ds612.0/). The details and DOIs of the sites used are listed in Data 
Set S1. The MATLAB code for the TC terrestrial biosphere model is freely available and can be found at https://
doi.org/10.24433/CO.0905087.v2. The MATLAB code for the stochastic weather generator AWEGEN is freely 
available and can be found at https://hyd.ifu.ethz.ch/research-data-models/awe-gen.html.
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