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The ability to accurately predict ecosystem drought response and recovery is necessary to produce
reliable forecasts of land carbon uptake and future climate. Using a suite of models from the Multi-scale
Synthesis and Terrestrial Model Intercomparison Project (MsTMIP), we assessed modeled net primary
productivity (NPP) response to, and recovery from, drought events against a benchmark derived
from tree ring observations between 1948 and 2008 across forested regions of the US and Europe. We
find short lag times (0–6 months) between climate anomalies and modeled NPP response. Although
models accurately simulate the direction of drought legacy effects (i.e. NPP decreases), projected
effects are approximately four times shorter and four times weaker than observations suggest. This
discrepancy between observed and simulated vegetation recovery from drought reveals a potential
critical model deficiency. Since productivity is a crucial component of the land carbon balance, models
that underestimate drought recovery time could overestimate predictions of future land carbon sink
strength and, consequently, underestimate forecasts of atmospheric CO2.
Terrestrial ecosystems modulate the increase in atmospheric CO2 from anthropogenic emissions by sequestering
carbon in vegetation and soils. Although the strength of the residual land carbon sink has increased over recent
decades1 due to a combination of effects such as CO2 fertilization2, high latitude warming3, and an increase in
growing season length4, the future strength of land carbon uptake is highly uncertain, with some projections
indicating that the global terrestrial biosphere will switch from being a net sink to a net source of carbon to the
atmosphere by 21005–8. One major source of uncertainty stems from the unknown impact of more frequent and
severe droughts9,10 on terrestrial carbon dynamics11,12. Droughts drive changes in land sink interannual variability13–15, generally reducing net carbon uptake in the affected region by decreasing plant productivity and increasing mortality16,17. Severe drought can temporarily shift ecosystems from a net sink to a net source of carbon on the
order of months16,18, and some studies predict that future climate regimes will cause certain regions to transition
over decades from being a carbon sink to a permanent carbon source19,20.
In addition to reductions in carbon uptake concurrent with drought (i.e., drought response, see Fig. 1), ecosystems often experience lower tree growth rates and higher tree mortality rates for several years following the return
to nominal climate conditions21–23. These delayed ecosystem responses, or drought legacy effects, may significantly influence the interannual variability of carbon cycling and the magnitude of long-term terrestrial carbon
storage. For instance, if ecosystem recovery time (see Fig. 1) exceeds the drought return interval, ecosystems may
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Figure 1. Schematic depicting how severe drought can impact NPP. Starting on the left, with time progressing
to the right, this example ecosystem begins at typical vegetation growth rates (the height of the green surface).
Drought (the orange shaded period) can decrease productivity even after the return to nominal climate
conditions. Drought response is the initial depression in growth following the onset of a drought, indicated
here as the depth of the trough in NPP. Lag time is the time between the onset of drought and the drought
response. Recovery describes the amount of time required to recover normal growth rates. Drought legacy
effects correspond to the magnitude of NPP depression during drought recovery. The cut-out wedge illustrates
the total loss of NPP, relative to typical productivity - during the drought event itself and through the end of
drought recovery. Alternatively, vegetation may be unable to recover from drought and, instead, follow the path
to mortality. Note that the relative magnitudes of these variables (e.g. larger cumulative loss of productivity
during drought recovery than the drought response) depend on factors such as the drought’s characteristics and
the type of vegetation; this illustration provides an example of drought’s impact on productivity rather than the
rule. Illustration by Victor O. Leshyk. Printed with permission by Victor O. Leshyk under a CC BY open access
license (https://creativecommons.org/licenses/by/4.0/).

become more vulnerable to future drought, since recurrent drought can cause a progressive loss of vegetation
drought resilience24–26. Ecosystem degradation and the subsequent weakening of land carbon sinks from recurrent drought will likely become more prevalent in the future as the frequency of extreme droughts increases.
Although drought legacy effects could play a crucial role in carbon cycling, it is unclear whether current
models accurately simulate the vegetation’s response to and recovery from drought. There is evidence that models
from the Coupled Model Intercomparison Project Phase 5 (CMIP5)27 overestimate the effect of dryness on gross
uptake while underestimating how long productivity is sensitive to climate anomalies28 and underestimate the
magnitude and timescales of vegetation drought recovery21. However, the coupled nature of these models can
make it difficult to isolate and compare the impact of particular extreme events across models. This is because
there is substantial variability in climate conditions such as temperature, precipitation regimes, and global radiative forcing across the CMIP5 ensemble29–31. Additionally, characteristics of extreme climate indices and events
(e.g. maximum monthly temperature, warm spell duration, consecutive wet days) vary widely across models32,33.
In order to isolate the simulated response of the land surface to climate extremes, we evaluate offline
process-based terrestrial biosphere models (TBMs) driven with prescribed climate and a standardized simulation
protocol. We identify drought using the drought metric Climatic Water Deficit (CWD), defined as precipitation
minus potential evapotranspiration, and assess vegetation productivity response by examining changes in modeled NPP. Evaluating the relationship between CWD and NPP rather than gross productivity (as in28) provides
a better, albeit incomplete, picture of drought’s impact on carbon sinks. We quantify both the magnitude and
timescales of several phases of modeled drought response and recovery in terms of productivity (lag, response,
and recovery; Fig. 1) that observational studies suggest should be present21,26,34–36. We further assess how these
features of drought response and recovery vary across land cover types and regional climate conditions. Finally,
we compare modeled drought recovery with observed drought recovery to determine whether models simulate
realistic long-term drought impact on vegetation growth.

Results and Discussion

The first feature of drought response and recovery is the lag time, the timescale associated with the initial reduction in NPP following the onset of drought (Fig. 1). We quantified this using the optimized time-lagged correlations between monthly CWD anomalies and NPP anomalies (see Methods). Sub-annual lag times between CWD
anomalies and NPP response indicate a strong immediate modeled NPP response to drought (Fig. 2b). Although
lag times varied substantially across the spatial domain, the majority of the domain experienced short lags (0–6
months). The longest response times corresponded to the lowest sensitivities and were prevalent at higher latitudes. In these regions, temperature and radiation are the limits on productivity37 (Figs S1 and S2). Because CWD
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Figure 2. NPP sensitivity to CWD anomalies. (a) Mean across models of maximum correlations between
monthly de-seasonalized (grid cell monthly means removed) CWD and monthly de-seasonalized NPP
(maximum correlation out of 61 correlations calculated per grid cell, with an offset of 0–60 months between
NPP and CWD). (b) Lag time (offset) corresponding to the maximum correlation. Values have been binned.
Averages for each grid cell were calculated using only significant correlations (FDR-adjusted P < 0.05) and their
corresponding lag times per model. (c) Dominant climate driver (P = precipitation, T = temperature) of NPP,
determined by maximum correlation, r.

is more dependent on precipitation than temperature, high lags in higher latitudes are likely due to the weak
relationship between CWD and NPP. The highest correlations (r ~ 0.5) occur in the central US. The western US, a
region limited by both water and temperature, surprisingly exhibits weak NPP sensitivity to moisture anomalies
across all climate metrics. Since this is a region that has experienced frequent drought, one potential cause of this
weaker sensitivity is the decoupling of growth and climate following drought (i.e. reduced growth plus rebounding moisture), characteristic of drought legacy effects. It is unclear, however, how much drought legacy influences
low correlations between CWD and NPP relative to other factors, such as radiation or growing season length.
Differences between annual NPP and climate-normal mean NPP, the average NPP across normal hydrological
conditions (i.e. −1 ≤ CWD ≤ 1), revealed a strong drought response, along with rapid recovery and relatively
weak drought legacy effects on growth. Here, we quantify the drought response as the initial drought-induced
reduction in NPP relative to the climate-normal mean NPP and drought legacy effects as subsequent reductions
in NPP until productivity returns to climate-normal values (Fig. 1). Across all forested pixels, drought immediately decreased NPP in the drought-year by an average of 75.7 gC m−2 relative to the climate-normal mean
NPP. Integrated over the region of analysis, this amounts to a total NPP reduction of 0.55 PgC, or ~14% of the
climate-normal mean NPP. In the first post-drought year, NPP partially rebounded with an average NPP reduction from the climate-normal mean of 18.0 gC m−2, or 0.13 PgC across the region. There is considerable spatial
heterogeneity across these annual NPP anomalies. In the drought year and first post-drought year (Fig. 3a,b),
negative NPP anomalies were prevalent throughout the US and Europe, with larger negative NPP anomalies in
more productive regions. In most regions, however, NPP fully recovered in the second post-drought year.
We found no clear relationship between mean climate (represented by mean annual precipitation) and the
magnitude of drought response or timescale of recovery (Fig. S3), despite evidence suggesting that productivity
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Figure 3. Spatial maps of the model mean NPP anomalies. Anomalies are defined as the difference from the
climate-normal NPP of each grid cell (the average NPP across years in which −1 ≤ CWD ≤ 1). NPP anomalies
correspond to (a) the drought year, (b) one year post-drought, and (c) two years post-drought. Grey areas
indicate pixels that experienced no drought events or that were excluded from analysis (outside spatial bounds,
unforested grid cells).

in semi-arid regions exhibits greater drought impact and longer recovery times than productivity in more
humid regions21,38,39. Although not included in this study, soil properties can also regulate climate’s impact on
vegetation water use efficiency40, and this may play a role in the lack of relationship between mean climate and
drought recovery. For models that dynamically calculate LAI, drought-induced changes in LAI may explain some
of the modeled drought legacy effects evident through NPP. Relative to the climate-normal mean LAI, models
on average exhibited the largest decreases in LAI in the first post-drought year (up to 20% reductions in LAI,
Fig. S4), consistent with a reduced capacity for leaf-level photosynthesis across the spatial domain and potentially
reduced NPP. However, spatial patterns associated with large decreases in NPP do not necessarily align with large
decreases in LAI, and there are no significant differences in productivity recovery from drought between deciduous and evergreen forests (see Fig. 4). Furthermore, the models that best capture extended drought recovery
(Fig. S5) do not simulate large LAI reductions in the first year following drought (individual model LAI results
not shown). Thus, it is not immediately clear what factors are responsible for the spatial distribution of NPP
drought legacy effects.
To evaluate how consistent modeled drought legacy effects are with observations, we follow the methods of
Anderegg et al.21 and quantify drought-induced NPP anomalies as the difference between NPP and the NPP
anticipated from climate conditions based on a linear relationship between CWD and NPP (see Methods). We
found that models simulate rapid NPP recovery from drought, with weaker drought legacy effects on growth than
the observations suggest (Fig. 4). Across all forested grid cells (Fig. 4a), in the first post-drought year, NPP was
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Figure 4. Percent difference between NPP and expected NPP based on CWD. Differences are displayed for the
drought year and four years following drought across (a) all forested grid cells with the region of analysis, (b)
evergreen needle forest, (c) broadleaf deciduous forest, and (d) mixed forest. In (a), the red circles indicate an
observational benchmark derived from tree rings21. Green shaded regions indicate the 95% confidence intervals
from bootstrapping (n = 5000) the individual model means (a measure of model spread).

depressed an average of 2% relative to the NPP expected based on CWD. This is about one quarter of the growth
decline suggested by observations (9% reduction in NPP). Although models exhibited considerable variability
in first year post-drought legacy effects, ranging from a 5.9% reduction to a 3.5% increase in NPP relative to
CWD-predicted values (Fig. S5), even the most extreme NPP depression fell short of the corresponding observed
growth reduction. In the second year post-drought, modeled growth rebounded strongly, whereas observations
suggest that growth should remain depressed. To explore the variability of modeled drought recovery and to
examine potential features obscured when using the mean, we identified different percentiles of drought legacy effect across the ensemble of models. These results indicate that modeled legacy effects exhibit a substantial amount of variability, ranging from nearly 30% reduction in NPP to a nearly 30% increase relative to NPP
expected based on CWD (Fig. S6). The 25th percentile roughly corresponds to the magnitude of observed drought
legacy effects in the first and second years following drought. Thus, while models on average appear to underestimate both the size and persistence of drought legacy effects, their range of variability includes realistic legacy
effects.
While models underestimate the legacy impact of drought events on NPP, they may be overly responsive
to the drought itself. Across all forested regions and each forest type, the drought year yields either the greatest
deviations from expected NPP based on CWD (Fig. 4a,b,d) or deviations comparable with the first post-drought
year (Fig. 4c). These drought year NPP reductions are more consistent across MsTMIP models (most narrow 95%
confidence intervals) than any post-drought NPP deviations. Since expected NPP derived from CWD already
accounts for the depression in growth due to water limitation, considerable departures from expected NPP in the
drought year suggest that models may be overly sensitive to the drought event itself. This is consistent with the
findings of other studies examining the drought response of CMIP5 models28 where anomalies of modeled leaf
area index (LAI) were more highly correlated with a drought metric than are observed LAI, suggesting that modeled productivity may be unrealistically responsive to climate anomalies. Nevertheless, because the observational
benchmark does not report growth reduction in the drought year and instead focuses on post-drought years, we
cannot formally assess model performance in the drought year.
The dominant forest type in a given region impacts the immediate drought response simulated by models,
but does not have a strong influence on the magnitude or duration of projected drought legacy effects (Fig. 4).
We define dominant forest type as the forest type with the highest percent cover within a grid cell (see Fig. S7
for map). Observations suggest evergreen needle trees should exhibit stronger, more persistent post-drought
growth depression than broadleaf deciduous trees21. Although we do find that the drought response in evergreen
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needle forests was about 3 times stronger (Fig. 4b, ~6% reduction in NPP relative to expected NPP) compared
to broadleaf deciduous and mixed forests (Fig. 4c,d, ~2% reduction in NPP relative to expected NPP), the legacy
effects across all three types of forest all exhibited similar features - persisting for one year after drought and
depressing NPP by about 2% relative to expected NPP. The similarities in legacy effects across forest types cannot
be explained by low grid cell purity (i.e. a grid cell composed of several competing land types): restricting analysis
to pixels containing high percentages of the given forest type yielded comparable results (Fig. S8). The similarity
in simulated drought recovery across three distinct types of forests likely points to potential errors in the representation and/or parameterization of the physiological mechanisms responsible for diverse drought recovery
characteristics across different types of vegetation.
The muted drought legacy effects simulated by models may be reasonable given their coarse resolution. The
observational benchmark used is derived from individual tree ring chronologies, which preserve tree-level
drought legacy effects directly from the source. However, tree ring chronologies may not adequately represent
regional variability in carbon uptake due to drought. For instance, there is evidence that drought legacy effects
vary drastically across species located within the same region (e.g. US Southwest34). While the benchmark is
derived from a wide range of tree species, it still represents only a subset of variability in vegetation across the
spatial domain. The extent to which plant-level variability translates into a drought recovery signal at regional
scale (e.g., 0.5° grid) remains unclear. On the other hand, the benchmark could represent a conservative estimate
of drought legacy effects on productivity, since it is based exclusively on trees that survived drought and, thus,
ignores drought-induced tree mortality. Finally, precipitation-based CWD provides a more limited measure of
plant water availability than soil moisture. Especially for vegetation rooted in deep soils41 or regolith42, CWD
likely does not adequately represent climatic stress and may result in misleadingly weak drought legacy effects.
In summary, our results indicate that process-based models simulate strong drought-year growth reduction
and underestimate the magnitude and duration of drought legacy effects on growth. The potential implications
of this model behavior depend on whether the magnitude of modeled drought-year NPP reduction is realistic.
Models may simulate the correct drought response while lacking the ability to capture extended drought recovery,
thus underestimating the total carbon cost of drought. On the other hand, if models overestimate drought-year
growth reduction, it is possible that they are misallocating NPP through time. From a carbon perspective, for
example, a strong drought response may compensate for weak legacy effects, resulting in a realistic net carbon
impact. Thus, a model might arrive at the “correct” productivity, but for the wrong reason. While that model
might be able to reproduce contemporary productivity, these compensatory errors would likely produce poor
predictions of future productivity, particularly under unprecedented environmental conditions. In addition, and
in contrast to observations, the model ensemble produces similar patterns of growth recovery from drought
across three distinct forest types and a climate gradient. These deficiencies suggest that models lack crucial representations and/or parameterizations of the physiological mechanisms driving diverse drought recovery features
across different types of vegetation and climates. For instance, the weak drought legacy effects in models could
be driven by lack of representation of non-structural carbohydrates; overly simplistic representation of forest
dynamics and mortality, including reestablishment; and/or problems with excessively rapid LAI recovery, which
may be unrestrained by functional sapwood requirements43. Nevertheless, while models underestimate the magnitude of drought legacy effects relative to observations, they simulate legacy effects in the right direction (i.e.
NPP decreases). It is unclear what mechanisms drive this feature. It likely results from the downregulation of
photosynthesis as water becomes less available, but both water availability (e.g. how soil moisture is simulated)
and downregulation of photosynthesis are model-specific, The significant variation in drought legacy effect characteristics across models implies that model structure, or combination of model features, plays an important role
in how different models simulate drought recovery. However, the complexity of current models makes it difficult
to trace specific model behavior back to specific model choices/structure44. New approaches that transform the
mathematical framework into matrix form may provide new opportunities to identify specific combinations of
model structural characteristics that simulate more realistic drought recovery.
It is vital to address these potential model deficiencies, because climate change will likely strengthen the role of
drought and consequent drought recovery as drivers of changes in terrestrial carbon cycling and storage. In particular, the frequency of extreme climate events is projected to increase, which raises the possibility that ecosystem drought recovery time may exceed the drought recurrence interval in certain critical zones19. The Amazon,
for example, experienced an extreme drought in 2005 and was unable to recover full forest function before the
onset of an even more extreme drought in 201023. Furthermore, there is evidence that both ecosystem recovery
times and the fraction of land undergoing recovery increased over the 20th century, and it is likely that this trend
towards longer and more spatially extensive drought recovery will continue26; although, CO2 fertilization effects
may in some cases improve resiliency to recurring drought by shortening ecosystem recovery time45. Models
must be capable of simulating realistic drought recovery in order to capture the exacerbated impact of drought
on a recovering system, to anticipate potential tipping points resulting from systems unable to recover fully from
persistently recurring droughts, and, thus, to produce reliable forecasts of global land carbon sink strength and
consequent future atmospheric CO2 concentrations.

Methods
Models.

To assess the ability of TBMs to simulate ecosystem response to, and recovery from, drought, we
use simulation output from twelve models participating in the Multi-scale Synthesis and Terrestrial Model
Intercomparison Project (MsTMIP)46. MsTMIP models are run using a common protocol that specifies driver
data spatial and temporal resolution, and spin up conditions46,47. Additionally, MsTMIP defines a set of sensitivity
simulations designed to isolate the impact of different drivers (climate, atmospheric carbon dioxide concentration, land cover change history, and nitrogen deposition) on simulated variables (e.g. carbon and energy fluxes,
carbon pools). Time-varying simulations extend from 1901 to 2010. To isolate modeled vegetation response
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to climate extremes, we use model output corresponding to the climate-varying sensitivity simulation (SG1),
in which atmospheric carbon dioxide concentration, land use, and nitrogen deposition are all held constant.
Vegetation response was quantified by examining changes in modeled NPP.

Identification of drought events.

To identify climate extremes, we employ the Climatic Water Deficit
(CWD)48 as a drought metric. CWD provides a measure of drought that accounts for water deficit at the plant
level, rendering it a better indicator of plant water stress than more meteorologically-focused drought metrics,
such as the Standardized Precipitation Index49 or Palmer Drought Severity Index50. CWD is commonly calculated
in two ways: soil moisture minus potential evapotranspiration (PET) or precipitation minus PET. We define CWD
as precipitation minus PET, because the use of soil moisture becomes problematic when working with model
output due to the lack of standardization in how soil moisture is reported by models (e.g. the depth and number
of soil layers).
To maintain consistency with the modeled environment, we use the same precipitation dataset that MsTMIP
prescribes as driver data: CRU-NCEP47. PET is defined using a monthly, 1.0° gridded PET dataset covering 1948–
2008 derived by Sheffield et al.51. This PET dataset was calculated using the Penman-Monteith algorithm and a
meteorological forcing dataset that combines the NCEP-NCAR reanalysis product with several satellite-derived
meteorological datasets, including Climatic Research Unit (CRU) climate variables, Tropical Rainfall Measuring
Mission precipitation, and NASA Langley surface radiation budget. Thus, the Sheffield PET product is largely
consistent with the forcing data prescribed to the models. Prior to analysis, the PET product was regridded to 0.5°
using the nearest neighbor method in order to match the resolution of the model output and precipitation data.
Monthly and annual CWD were calculated, and annual CWD was Z-scored to facilitate identification of extreme
drought events. Extreme drought events were defined using the threshold CWD ≤ −2, or two standard deviations
below the mean, which is a criterion commonly used to identify extreme droughts21,49,52.

Lag time.

To identify if there is a characteristic lag in plant productivity response to climate variability, we
examine the correspondence between monthly CWD and NPP across the entire time series. For each grid cell, 61
correlations between the complete time series (1948–2008) of monthly de-seasonalized (grid cell monthly means
removed) CWD and monthly de-seasonalized NPP are performed, with NPP offset from CWD by 0–60 months
(e.g. a one month offset correlates NPP starting in month 2 with CWD starting in month 1). The optimum lag
time is identified by finding the offset corresponding to the maximum correlation out of the set of 61 correlations.
Here, the maximum correlation expresses the magnitude of NPP sensitivity to moisture anomalies, while the lag
time describes the timescale of the NPP response. For instance, if NPP were driven primarily by concurrent CWD
and, consequently, responded immediately to and in phase with CWD anomalies, we would expect to find no lag
and a high sensitivity. Non-zero lags and/or lower correlations would suggest the NPP anomalies are influenced
by other factors such as radiation (not captured by CWD), past climate, or drought recovery (which represents
the decoupling of growth and climate).
We perform lag correlation analysis for each model individually and average results across models to obtain
the model mean. Only grid cells containing significant correlations after adjusting for the false discovery rate53
are included in the model mean calculations. For clarity, and to examine potential seasonal and annual signals,
lag times are binned by the following intervals: 0 months, 1 month, 2 months, 3–6 months, 7–12 months, 13–24
months, and >24 months.

Quantification of drought response and recovery. We quantify the carbon cost of vegetation’s
drought response and recovery as the difference between annual NPP and the climate-normal mean NPP. For
each grid cell, the climate-normal mean NPP is calculated using only years of normal hydrologic conditions,
i.e., −1 ≤ CWD ≤ 1. These NPP anomalies are calculated for the last year of a given extreme drought event
(CWD ≤ −2) and the four subsequent years (producing a 5-year set of NPP anomalies). Extreme drought events
followed by another extreme drought within four years are excluded from analysis in order to ensure that drought
response did not obscure drought legacy effects. We evaluate all extreme droughts between 1948 and 2008, a
period that captures historical extreme droughts such as the 1950s drought events across the US, the 2000–2004
drought in western North America, and the 2003 European heat wave. NPP anomalies corresponding to multiple
drought events within a grid cell were averaged together but not across grid cells, preserving spatial heterogeneity.
This analysis is performed for each model, and then averaged across all models to obtain the ensemble mean.
To assess the accuracy of modeled vegetation drought recovery, we performed a similar analysis using a different definition of NPP anomalies that facilitated comparison against an observational benchmark (refer to
Observational constraint section below). Because NPP increases with water availability and decreases during
drought, annual NPP and CWD are expected to be strongly positively correlated. In other words, higher values
of CWD (wetter) correspond to higher NPP, on average, while lower values of CWD (drier) correspond to lower
NPP. This relationship is strongest in water-limited regions, but it is significant across many temperature-limited
grid cells as well (see Fig. S9 for model mean correlations). Accordingly, for grid cells exhibiting significant correlations between NPP and CWD (significant and r > 0.3; see Fig. S9 for the number of models that meet this
criterion per grid cell), we define NPP anomalies as the percent difference between model simulated NPP and
NPP predicted by CWD through a linear regression for each grid cell (Fig. S10), where a non-zero value indicates
the degree to which NPP is operating outside of its typical relationship with climate.
We evaluate each model’s drought response and recovery by averaging all 5-year sets of NPP anomalies
(drought year plus four subsequent years) corresponding to drought events. We chose the above r threshold to
match the criterion used to select the tree ring chronologies comprising the observational benchmark21. Using
different r thresholds for grid cell selection yielded similar results, although higher thresholds decreased the
sample size considerably (Fig. S11). To calculate the ensemble model mean, the mean NPP anomalies from each
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model are averaged together, and the 95% confidence intervals are calculated by bootstrapping the model means
(n = 5000). Thus, the confidence intervals around the ensemble model mean are a measure of model mean spread
rather than model uncertainty. This analysis is first applied across all forested grid cells within the spatial domain,
then across each of the following forest types separately: needle evergreen forest, broadleaf deciduous forest, and
mixed forest.

Observational constraint.

Finally, to evaluate whether the models simulated drought recovery realistically, we use a previous study that identified drought legacy effects across tree ring chronologies21 as an observational benchmark. This benchmark comprises data from over 1000 sites across northern hemisphere forests and
spans from 1948 to 2008. Although other available data products such as MODIS NPP and GIMMS NDVI have
greater spatial coverage, they lack adequate temporal range (9 and 27 years overlapping with the CWD record,
respectively). To facilitate comparison with this benchmark, analysis of drought events is confined to a spatial
domain encompassing most of the sites analyzed by Anderegg et al.21: the contiguous United States (25°N–50°N,
125°W–60°W) and Europe (36°N–70°N, 10°W–36°E). Additionally, since the benchmark is based on tree ring
chronologies, we analyzed only forested grid cells. Although modeled aboveground biomass is a closer proxy for
tree ring growth, only five MsTMIP models report this variable, whereas NPP is reported by all twelve models.
Across the five models that report both metrics, NPP and aboveground biomass are strongly correlated (r = 0.56)
within the spatial domain of analysis.

Code.

All data processing and analysis was performed using MATLAB 2017B. The complete set of code
used in the primary and supplementary analysis is available at https://www2.nau.edu/huntzingerlab/index.php/
research/code/.

Data Availability

Finalized MsTMIP data products are archived at the ORNL DAAC (http://daac.ornl.gov).

References

1. Le Quéré, C. et al. Global Carbon Budget 2017. Earth Syst. Sci. Data 10, 405–448, https://doi.org/10.5194/essd-10-405-2018 (2016).
2. Field, C. B., Chapin, F. S., Matson, P. A. & Mooney, H. A. Responses of terrestrial ecosystems to the changing atmosphere - a
resource-based approach. Annual Review of Ecology and Systematics 23, 201–235, https://doi.org/10.1146/annurev.
es.23.110192.001221 (1992).
3. Forkel, M. et al. Enhanced seasonal CO2 exchange caused by amplified plant productivity in northern ecosystems. Science 351,
696–699, https://doi.org/10.1126/science.aac4971 (2016).
4. Sitch, S. et al. Recent trends and drivers of regional sources and sinks of carbon dioxide. Biogeosciences 12, 653–679, https://doi.
org/10.5194/bg-12-653-2015 (2015).
5. Cox, P. M., Betts, R. A., Jones, C. D., Spall, S. A. & Totterdell, I. J. Acceleration of global warming due to carbon-cycle feedbacks in a
coupled climate model. Nature 408, 184–187, https://doi.org/10.1038/35041539 (2000).
6. Friedlingstein, P. et al. Climate-carbon cycle feedback analysis: Results from the C4MIP model intercomparison. Journal of Climate
19, 3337–3353, https://doi.org/10.1175/jcli3800.1 (2006).
7. Friedlingstein, P. et al. Uncertainties in CMIP5 Climate Projections due to Carbon Cycle Feedbacks. Journal of Climate 27, 511–526,
https://doi.org/10.1175/jcli-d-12-00579.1 (2014).
8. Wieder, W. R., Cleveland, C. C., Smith, W. K. & Todd-Brown, K. Future productivity and carbon storage limited by terrestrial
nutrient availability. Nature Geoscience 8, 441–444, https://doi.org/10.1038/ngeo2413 (2015).
9. IPCC. Climate Change: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. 1535 (2013).
10. Trenberth, K. E. et al. Global warming and changes in drought. Nature Climate Change 4, 17–22, https://doi.org/10.1038/
nclimate2067 (2014).
11. Allen, C. et al. A global overview of drought and heat-induced tree mortality reveals emerging climate change risks for forests. Forest
Ecology and Management 259, 660–684, https://doi.org/10.1016/j.foreco.2009.09.001 (2010).
12. Choat, B. et al. Global convergence in the vulnerability of forests to drought. Nature 491, 752–755, https://doi.org/10.1038/
nature11688 (2012).
13. Huang, L. et al. Drought dominates the interannual variability in global terrestrial net primary production by controlling semi-arid
ecosystems. Scientific Reports 6, 24639, https://doi.org/10.1038/srep35126 (2016).
14. Knorr, W. et al. Impact of terrestrial biosphere carbon exchanges on the anomalous CO2 increase in 2002–2003. Geophysical
Research Letters 34, L09703, https://doi.org/10.1029/2006GL029019 (2007).
15. Pereira, J. S. et al. Net ecosystem carbon exchange in three contrasting Mediterranean ecosystems - the effect of drought.
Biogeosciences 4, 791–802 (2007).
16. Phillips, O. et al. Drought Sensitivity of the Amazon Rainforest. Science 323, 1344–1347, https://doi.org/10.1126/science.1164033
(2009).
17. van der Molen, M. et al. Drought and ecosystem carbon cycling. Agricultural and Forest Meteorology 151, 765–773, https://doi.
org/10.1016/j.agrformet.2011.01.018 (2011).
18. Ciais, P. et al. Europe-wide reduction in primary productivity caused by the heat and drought in 2003. Nature 437, 529–533, https://
doi.org/10.1038/nature03972 (2005).
19. Lenton, T. et al. Tipping elements in the Earth’s climate system. Proceedings of the National Academy of Sciences of the United States
of America 105, 1786–1793, https://doi.org/10.1073/pnas.0705414105 (2008).
20. Schwalm, C. R. et al. Reduction in carbon uptake during turn of the century drought in western North America. Nature Geoscience
5, 551–556, https://doi.org/10.1038/NGEO1529 (2012).
21. Anderegg, W. et al. Pervasive drought legacies in forest ecosystems and their implications for carbon cycle models. Science 349,
528–532, https://doi.org/10.1126/science.aab1833 (2015).
22. Galiano, L., Martinez-Vilalta, J. & Lloret, F. Carbon reserves and canopy defoliation determine the recovery of Scots pine 4 yr after
a drought episode. New Phytologist 190, 750–759, https://doi.org/10.1111/j.1469-8137.2010.03628.x (2011).
23. Saatchi, S. et al. Persistent effects of a severe drought on Amazonian forest canopy. Proceedings of the National Academy of Sciences
of the United States of America 110, 565–570, https://doi.org/10.1073/pnas.1204651110 (2013).
24. Hacke, U. G., Stiller, V., Sperry, J. S., Pittermann, J. & McCulloh, K. A. Cavitation fatigue. Embolism and refilling cycles can weaken
the cavitation resistance of xylem. Plant Physiology 125, 779–786, https://doi.org/10.1104/pp.125.2.779 (2001).
25. Lloret, F., Siscart, D. & Dalmases, C. Canopy recovery after drought dieback in holm-oak Mediterranean forests of Catalonia (NE
Spain). Global Change Biology 10, 2092–2099, https://doi.org/10.1111/j.1365-2486.2004.00870.x (2004).

Scientific Reports |

(2019) 9:2758 | https://doi.org/10.1038/s41598-019-39373-1

8

www.nature.com/scientificreports/

www.nature.com/scientificreports

26. Schwalm, C. R. et al. Global patterns of drought recovery. Nature 548, 202–205, https://doi.org/10.1038/nature23021 (2017).
27. Taylor, K. E., Stouffer, R. J. & Meehl, G. A. An overview of cmip5 and the experiment design. Bulletin of the American Meteorological
Society 93, 485–498, https://doi.org/10.1175/bams-d-11-00094.1 (2012).
28. Huang, Y. Y., Gerber, S., Huang, T. Y. & Lichstein, J. W. Evaluating the drought response of CMIP5 models using global gross primary
productivity, leaf area, precipitation, and soil moisture data. Global Biogeochemical Cycles 30, 1827–1846, https://doi.
org/10.1002/2016gb005480 (2016).
29. Forster, P. M. et al. Evaluating adjusted forcing and model spread for historical and future scenarios in the CMIP5 generation of
climate models. Journal of Geophysical Research-Atmospheres 118, 1139–1150, https://doi.org/10.1002/jgrd.50174 (2013).
30. Kharin, V. V., Zwiers, F. W., Zhang, X. & Wehner, M. Changes in temperature and precipitation extremes in the CMIP5 ensemble.
Climatic Change 119, 345–357, https://doi.org/10.1007/s10584-013-0705-8 (2013).
31. Langford, S., Stevenson, S. & Noone, D. Analysis of Low-Frequency Precipitation Variability in CMIP5 Historical Simulations for
Southwestern North America. Journal of Climate 27, 2735–2756, https://doi.org/10.1175/jcli-d-13-00317.1 (2014).
32. Gibson, P. B., Perkins-Kirkpatrick, S. E., Alexander, L. V. & Fischer, E. M. Comparing Australian heat waves in the CMIP5 models
through cluster analysis. Journal of Geophysical Research-Atmospheres 122, 3266–3281, https://doi.org/10.1002/2016jd025878
(2017).
33. Sillmann, J., Kharin, V. V., Zhang, X., Zwiers, F. W. & Bronaugh, D. Climate extremes indices in the CMIP5 multimodel ensemble:
Part 1. Model evaluation in the present climate. Journal of Geophysical Research-Atmospheres 118, 1716–1733, https://doi.
org/10.1002/jgrd.50203 (2013).
34. Peltier, D. M. P., Fell, M. & Ogle, K. Legacy effects of drought in the southwestern United States: A multi-species synthesis. Ecological
Monographs 86, 312–326, https://doi.org/10.1002/ecm.1219/suppinfo (2016).
35. Reichstein, M. et al. Climate extremes and the carbon cycle. Nature 500, 287–295, https://doi.org/10.1038/nature12350 (2013).
36. Xu, Z. Z., Zhou, G. S. & Shimizu, H. Plant responses to drought and rewatering. Plant Signaling & Behavior 5, 649–654, https://doi.
org/10.4161/psb.5.6.11398 (2010).
37. Nemani, R. R. et al. Climate-driven increases in global terrestrial net primary production from 1982 to 1999. Science 300,
1560–1563, https://doi.org/10.1126/science.1082750 (2003).
38. Vicente-Serrano, S. M., Camarero, J. J. & Azorin-Molina, C. Diverse responses of forest growth to drought time-scales in the
Northern Hemisphere. Global Ecology and Biogeography 23, 1019–1030, https://doi.org/10.1111/geb.12183 (2014).
39. Vicente-Serrano, S. M. et al. Response of vegetation to drought time-scales across global land biomes. Proceedings of the National
Academy of Sciences of the United States of America 110, 52–57, https://doi.org/10.1073/pnas.1207068110 (2013).
40. Maxwell, T. M., Silva, L. C. R. & Horwath, W. R. Integrating effects of species composition and soil properties to predict shifts in
montane forest carbon–water relations. Proc. Natl. Acad. Sci. 115, E4219–E4226, https://doi.org/10.1073/PNAS.1718864115 (2018).
41. Oroza, C. A., Bales, R. C., Stacy, E. M., Zheng, Z. & Glaser, S. D. Long-Term Variability of Soil Moisture in the Southern Sierra:
Measurement and Prediction. Vadose Zone J. 17, 1–9, https://doi.org/10.2136/vzj2017.10.0178 (2018).
42. Klos, P. Z. et al. Subsurface plant‐accessible water in mountain ecosystems with a Mediterranean climate. WIREs Water 5, https://
doi.org/10.1002/wat2.1277 (2018).
43. Zhang, Z. et al. Converging Climate Sensitivities of European Forests Between Observed Radial Tree Growth and Vegetation
Models. Ecosystems 21, 410–424, https://doi.org/10.1007/s10021-017-0157-5 (2017).
44. Luo, Y. Q., Keenan, T. F. & Smith, M. Predictability of the terrestrial carbon cycle. Global Change Biology 21, 1737–1751, https://doi.
org/10.1111/gcb.12766 (2015).
45. Trugman, A. T. et al. Tree carbon allocation explains forest drought-kill and recovery patterns. Ecology Letters 21, 1552–1560,
https://doi.org/10.1111/ele.13136 (2018).
46. Huntzinger, D. et al. The North American Carbon Program Multi-Scale Synthesis and Terrestrial Model Intercomparison Project Part 1: Overview and experimental design. Geoscientific Model Development 6, 2121–2133, https://doi.org/10.5194/gmd-6-21212013 (2013).
47. Wei, Y. et al. NACP MsTMIP: Global and North American Driver Data for Mulit-Model Intercomparison (2014).
48. Stephenson, N. Actual evapotranspiration and deficit: biologically meaningful correlates of vegetation distribution across spatial
scales. Journal of Biogeography 25, 855–870, https://doi.org/10.1046/j.1365-2699.1998.00233.x (1998).
49. McKee, T. B., Doesken, N. J. & Kleist, J. The relationship of drought frequency and duration of time scales. Paper presented at the
Eighth Conference on Applied Climatology, Anaheim, CA (1993).
50. Palmer, W. C. Meteorological Drought. Res. Paper No. 45, 58pp. (Dept. of Commerce, Washington, D.C., 1965).
51. Sheffield, J., Goteti, G. & Wood, E. Development of a 50-year high-resolution global dataset of meteorological forcings for land
surface modeling. Journal of Climate 19, 3088–3111, https://doi.org/10.1175/JCLI3790.1 (2006).
52. Zscheischler, J. et al. Impact of large-scale climate extremes on biospheric carbon fluxes: An intercomparison based on MsTMIP
data. Global Biogeochemical Cycles 28, 585–600, https://doi.org/10.1002/2014GB004826 (2014).
53. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate - a practical and powerful approach to multiple testing. Journal of
the Royal Statistical Society Series B-Methodological 57, 289–300 (1995).

Acknowledgements

Funding for the Multi-scale synthesis and Terrestrial Model Intercomparison Project (MsTMIP; http://nacp.ornl.
gov/MsTMIP.shtml) activity was provided through NASA ROSES Grants #NNX10AG01A and NNX14A154G.
Data management support for preparing, documenting, and distributing model driver and output data was
performed by the Modeling and Synthesis Thematic Data Center at Oak Ridge National Laboratory (ORNL;
http://nacp.ornl.gov), with funding through NASA ROSES Grant #NNH10AN681. Finalized MsTMIP data
products are archived at the ORNL DAAC (http://daac.ornl.gov). We also want to acknowledge the modeling
groups that provided results to MsTMIP. JBF contributed to this paper from the Jet Propulsion Laboratory,
California Institute of Technology, under a contract with the NASA. Government sponsorship acknowledged.
JBF was supported by NASA programs: CARBON, IDS, INCA, SUSMAP, and TE/ABoVE. We thank Victor O.
Leshyk (Center for Ecosystem Science and Society, Northern Arizona University, Flagstaff, AZ) for providing the
illustration in Figure 1. Copyright 2018. All rights reserved.

Author Contributions

H.R.K. (primary author of the manuscript, performed all analysis); D.N.H. (substantially helped to guide the
analysis and to frame the paper, lead of the MsTMIP synthesis effort); C.R.S. and J.B.F. (substantially helped to
guide the analysis and to frame the paper, part of the MsTMIP leadership team), N.M. (substantially helped to
guide the analysis and to frame the paper); Y.F., A.M.M., K.S. and Y.W. (helped with the framing of the paper,
part of the MsTMIP leadership team); B.P., J.M., N.C.P. and X.S. (helped with the framing of the paper, part of the
MsTMIP model teams).
Scientific Reports |

(2019) 9:2758 | https://doi.org/10.1038/s41598-019-39373-1

9

www.nature.com/scientificreports/

www.nature.com/scientificreports

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-39373-1.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

Scientific Reports |

(2019) 9:2758 | https://doi.org/10.1038/s41598-019-39373-1

10

