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Key points: 

● Prominent increases in the sensitivity of herbaceous vegetation to hydrological 

conditions after severe droughts in the high-latitudes 

● Significant vegetation greening in the 2-6 growing-season months following severe 

droughts 

● Larger drought legacy effects on sensitivity of herbaceous vegetation to climate 

compared with woody vegetation. 
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Abstract 

Droughts affect ecosystems at multiple time scales, but their sub-seasonal legacy effects on 

vegetation activity remain unclear. Combining the satellite-based enhanced vegetation index 

MODIS EVI with a novel location-specific definition of the growing season, we quantify 

drought impacts on sub-seasonal vegetation activity and the subsequent recovery in the 

Northern Hemisphere. Drought legacy effects are quantified as changes in post-drought 

greenness and sensitivity to climate. We find that greenness losses under severe drought are 

partially compensated by a ~+5% greening within 2-6 growing-season months following the 

droughts, both in woody and herbaceous vegetation but at different timings. In addition, post-

drought sensitivity of herbaceous vegetation to hydrological conditions increases noticeably 

at high latitudes compared with the local normal conditions, regardless of the choices of 

drought time scales. In general, the legacy effects on sensitivity are larger in herbaceous 

vegetation than woody vegetation. 

 

 

Plain Language Summary 

Droughts are increasingly severe and widespread globally, but their impacts on the global 

carbon cycle remain unclear due to the complexity of vegetation response to climate under 

and after droughts. In particular, how much plant activity decreases during drought and how 

quickly it recovers in the following months or years is not well understood. Here, by 

employing large-scale satellite-derived vegetation information, we identify the wide existence 

of drought legacy effects on vegetation activity in the Northern Hemisphere ecosystems. We 

find that vegetation becomes greener in 2-6 growing-season months after severe droughts 

with a stronger response to climate. These findings are in general more prominent at mid- and 

high-latitudes, in particular for the grass-dominated ecosystems compared with the tree-

dominated ones. Our analyses extend the picture for understanding how vegetation responds 

to severe droughts and could provide useful information to assist the development of dynamic 

vegetation models towards assessing changes in ecosystem resilience under changing climate. 
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1. Introduction 

Droughts impact ecosystem functioning worldwide (Allen et al., 2010, 2015; Orth et al., 

2020; Reichstein et al., 2013). They affect vegetation activity directly by reducing 

photosynthesis and transpiration (Bréda et al., 2006; Iturbe-Ormaetxe et al., 1998; Poorter et 

al., 2012). The impacts of droughts, especially when severe, can last beyond the dry period, 

and affect ecosystem functioning for days to years, depending on drought intensity and 

duration (Allen et al., 2015; Anderegg et al., 2013; Xu et al., 2010), vegetation type (Scherrer 

et al., 2011) and plant community composition (Fauset et al., 2012). These legacy effects may 

be due to structural damages at the individual scale (Ruehr et al., 2019; Trugman et al., 

2018), or vegetation mortality and changes in community composition (Cailleret et al., 2017). 

Furthermore, droughts can also alter soil processes, e.g., nutrient availability, which in turn 

affects vegetation activity at multiple temporal scales (Gessler et al., 2017). Given the 

projected increase in drought risk in many regions in the Northern Hemisphere under 

anthropogenic warming (Diffenbaugh et al., 2015; Pastorello et al., 2020; Prudhomme et al., 

2014), we expect that drought would become increasingly important for ecosystem states and 

impose profound impacts on the regional and global carbon cycle (van der Molen et al., 2011; 

Seneviratne et al., 2012; Vicente-Serrano et al., 2020; Wu et al., 2021b; Xu et al., 2019). 

 

Vegetation recovery after drought (i.e., post-drought recovery) depends on complex 

physiological and ecological mechanisms acting at multiple spatio-temporal scales. Post-

drought recovery of leaf water potential and cell turgor can occur within hours after re-

wetting, while leaf hydraulic and leaf gas exchange can take up to one month to recover 

(Blackman et al., 2009; Brodribb et al., 2010; Posch et al., 2009; Ruehr et al., 2019). The 

resultant decoupling of assimilation rate from transpiration is usually short-term (Gallé et al., 

2007; Resco et al., 2009), and effects are longer on radial stem growth (Anderegg et al., 

2015). If drought-related damage occurs, carbon fluxes can be decoupled from growing 

conditions following the event. In some cases, recovery may fail, for example, due to limited 

availability of non-structural carbon reserves (NSC) to repair drought-induced damage and 

regrow in the next growing season (Hartmann et al., 2016; Mencuccini et al., 2015). In these 

cases, trees are likely more vulnerable to subsequent disturbances (e.g., Steele et al., 1995) or 

climate extremes (e.g., Adams et al., 2009), leading to higher mortality after droughts and 

changes in demography (e.g., age structure) and ultimately vegetation composition (Clark et 

al., 2016; Reichstein et al., 2013). While the long-term (e.g., longer than a year), or small-

https://paperpile.com/c/mf2Ag6/t3dtU+Wunbv+JnVgO+dhlvl
https://paperpile.com/c/mf2Ag6/t3dtU+Wunbv+JnVgO+dhlvl
https://paperpile.com/c/mf2Ag6/Xvkbh+ugNz6+gtvSC
https://paperpile.com/c/mf2Ag6/Xvkbh+ugNz6+gtvSC
https://paperpile.com/c/mf2Ag6/Jj21k+Wunbv+dR4mb
https://paperpile.com/c/mf2Ag6/VGGUj
https://paperpile.com/c/mf2Ag6/VGGUj
https://paperpile.com/c/mf2Ag6/9aPxX
https://paperpile.com/c/mf2Ag6/UXpR3+RqJfu
https://paperpile.com/c/mf2Ag6/UXpR3+RqJfu
https://paperpile.com/c/mf2Ag6/5Rit
https://paperpile.com/c/mf2Ag6/V86j2
https://paperpile.com/c/mf2Ag6/ICm4o+c7Qqw+tEidE
https://paperpile.com/c/mf2Ag6/ICm4o+c7Qqw+tEidE
https://paperpile.com/c/mf2Ag6/bwZ2B+2NOp2+QYiex+wPTK7+O2XQp
https://paperpile.com/c/mf2Ag6/bwZ2B+2NOp2+QYiex+wPTK7+O2XQp
https://paperpile.com/c/mf2Ag6/RqJfu+1etH3+p40sI+lEGfm
https://paperpile.com/c/mf2Ag6/DQuLl+fRmvO
https://paperpile.com/c/mf2Ag6/DQuLl+fRmvO
https://paperpile.com/c/mf2Ag6/uqoZG
https://paperpile.com/c/mf2Ag6/uqoZG
https://paperpile.com/c/mf2Ag6/DcrF5+fea1B
https://paperpile.com/c/mf2Ag6/c6EbQ/?prefix=e.g.%2C
https://paperpile.com/c/mf2Ag6/5Fxtv/?prefix=e.g.%2C
https://paperpile.com/c/mf2Ag6/JnVgO+CTzvx
https://paperpile.com/c/mf2Ag6/JnVgO+CTzvx
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scale (e.g., pot experiment or field measurements) legacy effects on different aspects of the 

carbon cycle have been extensively explored (e.g. Anderegg et al., 2015), legacy effects at 

intermediate temporal scales (e.g., within one or two growing seasons) are still poorly 

understood over large geographical scales. In particular, the post-drought vegetation 

sensitivity to climatic conditions remains largely unexplored. 

 

The challenge of assessing large-scale sub-seasonal legacy effects lies not only in the 

complexity of the processes involved but also in the availability of observations at 

appropriate spatial and temporal scales. For example, field measurements provide 

comprehensive information on vegetation processes, but extreme events are intrinsically 

seldom observed. Remote sensing provides an increasingly extensive spatial and temporal 

coverage, offering a tool to tackle this challenge, particularly when assessing changes in 

vegetation states such as canopy cover and density (e.g., leaf area index) and vegetation water 

content in a large-scale context (Jiao et al., 2021; Konings et al., 2019; McDowell et al., 

2015). While legacy effects in specific regions or at specific time scales (e.g., for a single 

extreme event or aggregation at an annual scale) have been conducted (Bastos et al., 2021b; 

Brun et al., 2020; Gazol et al., 2018; Kannenberg et al., 2019; Wu et al., 2018), a systematic 

analysis of sub-seasonal legacy effects for Northern Hemisphere ecosystems has not been 

made. 

 

Here, we explore the post-drought changes in vegetation state and sensitivity to climate in the 

first two growing seasons over the Northern Hemisphere using the MODIS enhanced 

vegetation index (EVI). To understand legacy effects on vegetation activity, we isolate 

phenology signals within the growing season and minimise the abiotic noise (e.g., induced by 

bare soil and snow) from the non-growing season that may confound the interpretation of 

post-drought vegetation dynamics. Commonly-used estimates of vegetation recovery are 

based on the absolute elapsed time after drought and may include noise from dormant periods 

(Fig. S1). Furthermore, calculations are often performed based on fixed calendar months, 

which may overlook phenological differences induced by heterogeneous land surfaces (e.g., 

lowlands vs. mountains) or local climatic conditions in large-scale analysis, thus confounding 

the interpretation of drought responses. 

 

To resolve the heterogeneity of sub-growing-season vegetation dynamics, we adopt a novel 

analytical approach using a location-specific definition of growing season (Wu et al., 2021a). 

https://paperpile.com/c/mf2Ag6/uqoZG/?prefix=e.g.
https://paperpile.com/c/mf2Ag6/l0YRC+vrxZ9+PKy0e
https://paperpile.com/c/mf2Ag6/l0YRC+vrxZ9+PKy0e
https://paperpile.com/c/mf2Ag6/p1Sxv+yB2nd+yOJPW+0ATS3+EH7pj
https://paperpile.com/c/mf2Ag6/p1Sxv+yB2nd+yOJPW+0ATS3+EH7pj
https://paperpile.com/c/mf2Ag6/x935z
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We consider the possible confounding effect of climate anomalies following the drought 

period, and standardised post-extreme vegetation response to climate. Drought legacy effects 

(based on EVI) are quantified as changes in vegetation states and sensitivity to post-drought 

climate across different ecosystems in the Northern Hemisphere. Through this analysis, we 

aim to understand the drought legacy effects as: (1) how vegetation recovery in the Northern 

Hemisphere differs across ecosystems after severe drought; and (2) how vegetation 

sensitivity to climatic conditions changes in the post-drought periods. 

2. Data and Methods 

2.1 Data 

To estimate the vegetation-climate relationships under and after drought (defined as 

hydrological imbalance; Huschke, 1959), we analysed changes in vegetation state using the 

MODIS EVI (MOD13C1 v006 with 16-day and  0.05° resolutions), against drought severity 

represented by the Standardised Precipitation-Evapotranspiration Index, SPEI (Vicente-

Serrano et al., 2010), at the time scales of one month (SPEI1), three months (SPEI3) and six 

months (SPEI6), and key growing conditions, including 2m air temperature, downwards 

surface solar radiation derived from ERA5 reanalysis at 0.25°(Hersbach et al., 2020), and 

root-zone soil moisture (0.25°) from the Global Land Evaporation Amsterdam Model 

(GLEAM, Martens et al., 2017). Other ancillary datasets such as frost day frequency from 

CRU TS 4.05 at 0.5° (Harris et al., 2020), MODIS land cover data set at 0.05° (Friedl et al., 

2002), Global Aridity Index at 30 arc-seconds and ESA CCI Land Cover at 300m were also 

used. To ensure consistency, all datasets are harmonised to a monthly (except for the annual 

land cover class data set) and 0.5° spatial resolution aggregated from their original resolutions 

for the Northern Hemisphere (> 23° N). The period common to all datasets, 2001-2020, was 

used unless otherwise specified. We refer readers to SI 1 for more details. 

2.2 Identifying growing season, drought events, and post-drought periods 

We employed a location-specific definition of growing season to infer vegetation responses 

after drought events (Fig. S1), based on vegetation phenology (Wu et al., 2021a). First, the 

20-year mean of grid-specific key growing season (GS) parameters were calculated (Fig. S2): 

the starting month of the growing season (SOS), the month corresponding to the peak of the 

growing season (POS) and the ending month of the growing season (EOS). Based on these, 

https://paperpile.com/c/mf2Ag6/2obR1/?prefix=defined%20as%20hydrological%20imbalance%3B
https://paperpile.com/c/mf2Ag6/2obR1/?prefix=defined%20as%20hydrological%20imbalance%3B
https://paperpile.com/c/mf2Ag6/DOQgs
https://paperpile.com/c/mf2Ag6/DOQgs
https://paperpile.com/c/mf2Ag6/pGnhW
https://paperpile.com/c/mf2Ag6/0yhRy/?prefix=GLEAM%2C
https://paperpile.com/c/mf2Ag6/jo59y
https://paperpile.com/c/mf2Ag6/Rtdd6
https://paperpile.com/c/mf2Ag6/Rtdd6
https://paperpile.com/c/mf2Ag6/x935z
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for each grid point over different land-cover classes (Fig. S3), we determined the lengths of 

the whole growing season (LOS=EOS-SOS), early growing season (EGS=POS-SOS) and late 

growing season (LGS=EOS-POS). 

 

We defined the severe drought months (mex) as the GS months with SPEI less than -1.5. Post-

drought months (m1, … mn, with n=12) start from the first month after the end of the drought 

(mex), and are only counted within the location-specific GS period. They thus do not include 

the vegetation dormant period (months before SOS and after EOS, Fig. S1). 

 

Severe-drought impacts were evaluated based on the standardised GS EVI anomalies. These 

anomalies were extracted for each gridpoint after detrending and deseasonalising the values 

within the location-specific GS, and were standardised as a percentage of the climatological 

(i.e., average over the period in analysis) peak of EVI. For growing condition data 

(temperature, radiation and soil moisture), a similar approach was applied, but anomalies 

were standardised in z-score (i.e., normalised by the standard deviation). This allows a 

standardised comparison of the vegetation sensitivities to climate quantities which differ 

greatly in physical units. 

2.3 Estimates of post-drought vegetation recovery and post-drought vegetation 

sensitivity to climate conditions 

We quantified the drought legacy effects on vegetation state and sensitivity based on the 

standardised GS anomalies of EVI and climatic conditions. Only areas with negative drought 

impacts on EVI (i.e., negative GS month anomalies under severe drought) were included for 

analysis (Fig. 1). Post-drought vegetation changes may be affected by concurrent climate 

variability (Bastos et al., 2021a), favourable climatic conditions could facilitate post-drought 

recovery, while adverse conditions could impair recovery. Here, we assess changes in 

vegetation state and the sensitivity of vegetation to the concurrent climate conditions, both of 

which serve as indicators of legacy effects from drought events. We use robust linear 

regression models (Dumouchel et al., 1992) based on the standardised GS anomalies for two 

periods: (i) normal periods (NM): all months excluding those in the years with extreme SPEI 

values and post-drought months and (ii) post-drought periods (PD): only months after a 

severe drought (m1, … mn). Specifically, the GS EVI anomalies (Y) (Figs. S4-8) are assumed 

to be a linear function of climatic variables (X). The number of points in each regression 

https://paperpile.com/c/mf2Ag6/1So5b
https://paperpile.com/c/mf2Ag6/X2szn
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corresponds to the number of gridpoints times the number of temporal points, which depends 

on GS length and the number of drought events. The intercept of the regression line (α) 

represents a theoretical vegetation state under normal climate conditions (i.e., without 

anomalies), while the slope (β) reflects the vegetation sensitivity to climate. This linear 

regression was calculated for both NM and PD conditions: 

                                          𝑌𝑡,𝑘 = α𝑡,𝑖,𝑘 + β𝑡,𝑖,𝑘 × 𝑋𝑡,𝑖,𝑘 + 𝑒𝑟𝑟𝑜𝑟                              (1) 

where Yt,k represents the standardised GS EVI anomalies for period t (i.e. NM or PD period) 

and land class k, and 𝑋𝑡,𝑖,𝑘 represents standardised GS anomalies of one of the climatic 

conditions considered (subscript i refers to SPEI, temperature, radiation or soil moisture) 

during period t and for vegetation class k. Therefore, the legacy effect for the average 

vegetation state (α𝑙𝑒𝑔,𝑖,𝑘) and sensitivity (β𝑙𝑒𝑔,𝑖,𝑘) to each climate condition (i) and land class 

(k) can be quantified as the differences between the corresponding parameters of the NM and 

PD periods, represented as: 

                                               α𝑙𝑒𝑔,𝑖,𝑘 = α𝑃𝐷,𝑖,𝑘 − α𝑁𝑀,𝑖,𝑘                                     (2) 

                                                β𝑙𝑒𝑔,𝑖,𝑘 = β𝑃𝐷,𝑖,𝑘 − β𝑁𝑀,𝑖,𝑘                                     (3) 

We analysed the post-drought impacts on vegetation state and its sensitivity to climate 

focusing on drought-affected areas (i.e., gridpoints with significant SPEI-EVI correlation 

coefficient, verified as being least overlapped with heavily irrigated areas, Fig. S4), with 

negative impacts during EGS. Analysis based on EGS are less affected by the following 

dormant period and better capture the legacy effects. SPEI1 is chosen to illustrate the legacy 

effects from the intense meteorological droughts (Zolina et al., 2013) which usually occur 

within one month. Since drought impacts may depend on drought duration, additional 

analyses based on SPEI3 and SPEI6 are also conducted to investigate the dependence of 

legacy effects on SPEI time scales. Droughts with negative impacts during LGS were also 

analysed and compared with the ones for EGS droughts in the SI. To distinguish between 

energy- and water-limited ecosystems, we calculated the recovery trajectory by analysing 

ecosystems with different GS lengths separately (Fig. 2) given the fact that GS length reflects 

the combined effects of both temperature and water availability. In addition, because of the 

spatial aggregation, we expect the detected legacy effects to cancel out, at least partly 

depending on the spatial heterogeneity within the aggregation group. Analyses considering 

aridity impacts are also provided in SI. 

https://paperpile.com/c/mf2Ag6/V5tfA
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3. Results 

3.1 Seasonally-varying hydrological controls over the Northern Hemisphere 

The spatial pattern of grid-wise Pearson correlation coefficient (r) between EVI and SPEI1 

provides an overall picture of water-limited areas over the Northern Hemisphere (Fig. 1a). 

Highly positive and significant r between the GS-average SPEI1 and EVI occur in mid- and 

low-latitude regions (e.g., southern and central Europe, northern China and large parts of 

North America up to around 59° N). These areas are generally not intensively irrigated (Fig. 

S4). Moderately negative r between EVI and SPEI1 indicating an energy-limited regime in 

which vegetation benefits from drier conditions, occurs for vegetation at high latitudes such 

as Canada, Scandinavia and Russia (Fig. 1a). Approximately 24% of the vegetated areas in 

the analysed domain have experienced severe droughts with negative impacts on vegetation 

states (grey squares), which are mainly over positive-r areas. In the following, we focus on 

areas with negative impacts on EVI induced by severe droughts (i.e., areas with positive r 

values and grey squares). 

 

The negative impacts of severe droughts are not equally distributed between the two GS sub-

periods, EGS and LGS. In Europe, these impacts mainly appear during LGS, although the 

cases for EGS in specific regions are also found, such as northern England and Germany 

(Fig. 1b,c). By contrast, in northern China, the impacts mainly appear in EGS. Inland North 

America and Central Asia have comparable spatial distributions of drought impacts during 

EGS and LGS (Fig. 1b,c). 
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Fig. 1. Water-limited regions indicated by grid-wise Pearson correlation coefficient (r, contour) 

between EVI and SPEI1 during 2001-2020 for the Northern-Hemisphere vegetated regions. (a) r is 

calculated based on the GS-based standardised anomalies of EVI and SPEI1; (b) and (c) are the early 

GS (EGS) and late GS (LGS) respectively (see the definition of GS, EGS and LGS Methods). Grey 

squares indicate vegetated areas which have experienced severe droughts (defined as SPEI1<-1.5) 

with negative impacts on vegetation states (i.e., negative EVI anomalies). These areas account for 

60%, 56% and 57% of the significantly drought-affected areas (i.e., locations with significant r in Fig. 

S4) for the entire GS, EGS and LGS, respectively. 
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3.2 Vegetation recovery trajectories 

 
Fig. 2. Recovery trajectories represented as standardized changes in landclass-averaged vegetation 

state (α𝑙𝑒𝑔) during the post-drought periods for the Northern Hemisphere when a severe drought 

occurs during the early GS. 1st GS indicates the growing season when a severe drought occurs (left 

column), 2nd GS indicates the following growing season (right column); for both growing seasons, 

results are shown separately for short (top row) and long (bottom row) GS length. The colours refer to 

vegetation types: ENF, evergreen needleleaf forests; DF, deciduous forests; MF, mixed forests; WS, 

closed shrubland, open shrubland and woody savannas; SAV, savannas (temperate); GRS, grasslands; 

CRP, croplands. Only gridpoints with significant correlation between EVI anomalies and SPEI1 (p-

value<0.05) and with negative drought impacts on EVI are included. The thick solid lines and the 

shaded area in dark green indicate the mean of all the woody vegetation, and the standard error of the 

mean, respectively. The dark orange ones are for herbaceous vegetation. Dots with black edges 

indicate that 𝛼𝑙𝑒𝑔 is significantly different (p-value<0.05) from zero. The woody vegetation includes 

ENF, DF, MF, WS and SAV wherever available, and the herbaceous vegetation includes GRS and 

CRP. Dashed lines indicate the month when EVI recovers back to the climatological state. 

 

We analysed the post-drought changes in EVI focusing on the severe droughts that decreased 

EVI (Fig. 1). For most ecosystems, EVI recovers within the 1st GS, within three to seven GS 

months (Fig. 2). Ecosystems with LOS of 1–4 months, which generally correspond to the 

high-latitude vegetated regions (Fig. S2d), differ greatly in recovery. For example, closed 

shrubland (WS) and croplands (CRP) EVI fully recover before the end of GS, while 
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temperate savannas (SAV) and grasslands (GRS) do not, but approach their climatological 

states by the end of GS (Fig. 2a). The ecosystems with LOS of 5-12 months, largely located 

in the mid- and low-latitudes, recover within the 1st GS, with the longest recovery for WS 

(Fig. 2c,e). Also, a certain extent of greening (up to +5%) is found for woody vegetation, 

generally around 2-6 growing-season months after the severe drought. Overall, herbaceous 

vegetation tends to be more vulnerable (a larger EVI decrease under a severe drought, up to -

20%; Fig. S15), but also more resilient (steeper EVI recovery trajectory) than woody 

vegetation during the 1st GS. 

 

During the 2nd GS, the negative impacts on vegetation greenness from the previous drought 

(negative 𝛼𝑙𝑒𝑔) become marginal. Instead, a positive legacy is found for herbaceous 

vegetation reflecting a certain degree of greening, with the most pronounced effect (~+5%) in 

shorter-LOS ecosystems (Fig. 2b,d,f), and especially in the arid regions (Fig. S15). 
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3.3 Drought legacy effects increase sensitivity to climate conditions 

 
Fig. 3. Legacy effects on the sensitivity of vegetation (β𝑙𝑒𝑔) to growing conditions (SPEI1, soil 

moisture, temperature and radiation). Results are separated in panels according to growing-season 

length and post-drought growing seasons (i.e., 1st and 2nd GS) as in Fig. 2. Signs of ‘+’ and ‘-’ in 

black indicate the signs of β𝑁𝑀 (sensitivity of EVI to growing conditions during normal months); the 

corresponding signs in red are for β𝑃𝐷 (sensitivity during the post-drought months). Asterisks under 

the signs indicate values significantly different from zero (p-value<0.05). Changes in 𝛽𝑙𝑒𝑔 for each 

ecosystem, including significance tests, can be found in Fig. S5-9. Error bars indicate the maximum 

and minimum of 𝛽𝑙𝑒𝑔 in different post-drought months at land-cover class level. The definitions for 

the woody and the herbaceous vegetation, and the data screening approach are as in Fig. 2. 

 

Next, we analysed the legacy effects on vegetation sensitivity to climate. Such effects vary 

between short- and long-GS length ecosystems and between woody and herbaceous 

vegetation (Fig. 3). Specifically, during the normal periods (black signs at the bottom of each 

panel in Fig. 3), EVI of woody vegetation with LOS of 1-8 months generally correlates 
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negatively with SPEI1 (black ‘-’ signs) and positively to temperature and radiation (black ‘+’ 

signs; Fig. 3a-d). This indicates that woody vegetation is normally not water-, but energy-

limited. Conversely, EVI in herbaceous vegetation is positively correlated with SPEI1 (‘+’ 

signs) and negatively correlated with temperature, suggesting water-limitation. Ecosystems 

with LOS of 9-12 months (southern regions) are commonly water-limited based on a similar 

interpretation of the SPEI1-EVI correlation. Thus, woody vegetation in normal periods shifts 

from energy limitation when the GS is short to water limitation when it is long, while 

herbaceous vegetation is consistently controlled by hydrological conditions (Fig. 3). 

 

The sensitivity of EVI changes in short-GS regions when contrasting post-drought periods to 

normal periods. Herbaceous vegetation shows a pronounced increase in sensitivity to water 

availability (black ‘+’ to red ‘+’ with 𝛽𝑙𝑒𝑔 > 0) and more negative sensitivity to radiation in 

both 1st and 2nd GS (black ‘-’ to red ‘-’ with 𝛽𝑙𝑒𝑔 < 0). In contrast, woody vegetation shows 

relatively smaller changes in sensitivity to climate from the normal to post-drought periods 

(Fig. 3a,b). Therefore, the normally water-limited herbaceous ecosystems become more 

water-limited (i.e., unchanged signs for SPEI1 and soil moisture in Fig. 3a,b), while the 

normally energy-limited woody vegetation tends to become water-limited (flipping from 

black ‘-’ to red ‘+’ for soil moisture during 1st and 2nd GS and the opposite for temperature 

during 1st GS in Fig. 3a,b).  

 

For the long-GS regions (i.e., LOS of 5-12 months, panels etc.), woody and herbaceous 

vegetation change their sensitivity to climatic conditions in a similar way during the 1st GS, 

but the changes for herbaceous vegetation are weaker compared with those in the short-GS 

regions (Fig. 3a,c,e). Changes during the 2nd GS of the long-GS regions are relatively small 

and less consistent compared with others (Fig. 3d,f vs. Fig. 3a,b,c,e). In addition, the arid 

ecosystems in general respond more positively to soil moisture increases, compared with the 

humid ecosystems, with a larger distinction during the first GS (Fig. S16). 
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4. Discussion and conclusion 

We quantified vegetation response to severe droughts as changes in vegetation greenness 

(section 3.2) and its sensitivity to climate conditions (section 3.3) during post-drought 

periods, using a novel location-specific definition of growing season based on MODIS EVI. 

We found that droughts negatively affect a large part of the vegetated land surface over the 

Northern Hemisphere with the strongest impacts on vegetation in arid regions (~20% loss of 

greenness on average, Fig. S15). The greenness losses under severe droughts are partially 

compensated by significant greening from woody (~+5%, 1st GS) and herbaceous vegetation 

(~+5%, 2nd GS), approximately 2-6 growing-season months after the droughts. Importantly, 

the drought legacy effects are also represented as ubiquitous changes in vegetation 

sensitivities to growing conditions, in which a prominent increase in sensitivity to soil 

moisture for herbaceous vegetation is found over the cold regions. To our knowledge, these 

findings based on large-scale vegetation activities have not been previously reported, and 

complement previous drought-impact studies. For example, the spatial pattern of drought-

affected areas we found is in line with previous large-scale studies based on different 

physiological proxies (e.g., Orth et al., 2020; Wu et al., 2018). The large-scale drought-

induced greenness losses (5-20% in Fig. 2 and Fig. S15) are also comparable with field 

studies (and 20% in Dobbertin et al., 2010; e.g., 19% in Limousin et al., 2012). 

 

Recovery is faster in woody deciduous than in woody evergreen vegetation over the mid-

latitudes, as exemplified by the steeper slope of the recovery trajectories (Fig. 2c). These 

differences in recovery might be due to the more adaptable leaf phenology of deciduous trees, 

or the insensitivity of EVI to leaf area changes for evergreen forests (Brando et al., 2010). For 

the former case, deciduous trees can reduce their leaf area thus partly avoiding droughts, and 

then grow new leaves when conditions improve (Manzoni et al., 2015; Schwartz, 2003; Vico 

et al., 2017) and prioritise the use of the reserve carbon for leaf regrowth (Poorter et al., 

2012). The differences between woody deciduous and woody evergreen vegetation increase 

when using SPEI3 (Fig. S10c) while this is not the case for the shorter or longer drought time 

scales (SPEI1 or SPEI6). These disproportional changes in the inter-ecosystem difference in 

phenology recovery against drought duration are reminiscent of the drought-growth 

relationship derived from tree-ring (D’Orangeville et al., 2018) in which differences in 

drought sensitivity across species are larger for three-month drought than one-month or six-

month droughts. 

https://paperpile.com/c/mf2Ag6/dhlvl+yB2nd/?prefix=e.g.%2C,
https://paperpile.com/c/mf2Ag6/v5pZf+wA58D/?prefix=e.g.%2C%2019%25%20in,and%2020%25%20in
https://paperpile.com/c/mf2Ag6/oj2X
https://paperpile.com/c/mf2Ag6/i5ikt+K0RXT+AhLo
https://paperpile.com/c/mf2Ag6/i5ikt+K0RXT+AhLo
https://paperpile.com/c/mf2Ag6/gtvSC
https://paperpile.com/c/mf2Ag6/gtvSC
https://paperpile.com/c/mf2Ag6/uI9U3
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Vegetation sensitivities to SPEI and soil moisture (for all the chosen SPEI time scales) 

increase for almost all vegetation types and periods, and are particularly strong for the short-

GS length herbaceous vegetation (e.g., Fig. 3a,b and Fig. S11a,b,g,h). Such changes could 

result from plant-soil interactions, possibly associated with nutrient availability. If soil 

nutrient availability increases after droughts, increases in photosynthesis and growth are 

expected (Evans, 1989; de Vries et al., 2016), and could be amplified by the preferential 

biomass allocation to leaves (Gessler et al., 2017) potentially amplifying the phenological 

response to soil moisture. Indeed, rainfall manipulation experiments in semi-arid ecosystems 

identified a similar mechanism (e.g. Volder et al., 2010), presenting a greater increase in leaf-

level net photosynthesis for C4 grasses than for the woody species after re-wetting. It is 

noteworthy that when severe droughts occur during LGS, the post-drought sensitivity 

changes become much weaker (Fig. 3 vs. Fig. S13) compared with those during EGS even 

though losses in EVI are similar (Fig. 2 vs. Fig. S12). A similar disproportional impact of the 

timing of drought occurrence is also seen in the field-measured changes in leaf 

photosynthesis for the first two GS (Misson et al., 2010), and in radial growth but with a later 

emergence than the changes in leaf photosynthesis after droughts (Bose et al., 2021). 

 

While the greenness losses depend on the choice of SPEI (Fig. S10), changes in vegetation 

sensitivity were unaffected (Fig. S11). The time scale here reflects the period of cumulative 

water balance determining the types of droughts for analysis (Vicente-Serrano et al., 2010). 

For example, a short time-scale SPEI usually reflects drought intensity and could capture 

intermittent pulses of droughts, while a long time-scale SPEI reflects drought duration and 

could capture consecutive droughts. The larger greenness losses when using SPEI3 and 

SPEI6 (Fig. S10) seem reasonable since the vegetation response intensifies linearly with 

drought duration (Orth et al., 2020). 

 

Our analysis is based on 0.5-degree spatial resolution and monthly EVI data. These scales are 

appropriate to assess large-scale changes, but may mispresent local drought impacts where 

vegetation phenology is controlled by landscape heterogeneities (Zhang et al., 2017). Also, 

sub-grid interspecific differences in physiological sensitivity to droughts, and land-use 

variety, e.g., with or without irrigation (Bodner et al., 2015), may affect our interpretation. 

Higher resolution and higher temporal frequency data could help improve local-scale and 

more subtle sub-seasonal impacts. In addition, employing multiple physiological proxies, 

https://paperpile.com/c/mf2Ag6/kfz2+dQO5
https://paperpile.com/c/mf2Ag6/V86j2
https://paperpile.com/c/mf2Ag6/fsREK/?prefix=e.g.
https://paperpile.com/c/mf2Ag6/3Nj48
https://paperpile.com/c/mf2Ag6/RyDmS
https://paperpile.com/c/mf2Ag6/DOQgs
https://paperpile.com/c/mf2Ag6/dhlvl
https://paperpile.com/c/mf2Ag6/NceF
https://paperpile.com/c/mf2Ag6/8EiQt
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including phenological products based on solar-induced chlorophyll fluorescence or passive 

microwave vegetation optical depth reflecting structural changes (Guan et al., 2017; Meroni 

et al., 2009), may help reduce result uncertainty and may provide mechanistic insights on 

vegetation responses. 

 

To conclude, our study leverages a location-specific definition of growing season (Wu et al., 

2021a), to detect large-scale vegetation phenological changes under changing climate. With 

this approach, we find prominent sub-seasonal drought legacy effects over the Northern 

Hemisphere, mainly represented as significant vegetation greening and prominent increases 

in the sensitivity of herbaceous vegetation to hydrological conditions in different post-

drought months during the two post-drought growing seasons. The legacy effects on 

sensitivity tend to be larger on herbaceous vegetation compared with woody vegetation, 

regardless of the chosen drought time scales. 
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Data availability 

MODIS EVI composite data products can be downloaded from the Land Processes 

Distributed Active Archive Centre (LP DAAC) 

(https://lpdaac.usgs.gov/products/mod13c1v006/). The MODIS land cover dataset MCD12C1 

(DOI: 10.5067/MODIS/MCD12C1.006) is available from: 

https://lpdaac.usgs.gov/products/mcd12c1v006/. ERA5 reanalysis data  

(https://doi.org/10.24381/cds.f17050d7) is available from: https://cds.climate.coperni-

cus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=overview. CRU 

TS404 (doi.org/10.1038/s41597-020-0453-3) is available from: 

https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.04/. The Global Land Evaporation Amsterdam 

Model (GLEAM) output (https://doi.org/10.5194/gmd-10-1903-2017, 2017) is available 

from: https://www.gleam.eu/. The SPEI datasets at different time scales (up to December 

2018) are available from: https://spei.csic.es/database.html. The Global Aridity Index can be 

downloaded from the CGIAR Consortium for Spatial Information (CGIAR-CSI,  

https://cgiarcsi.community/data/global-aridity-and-pet-database/). The ESA CCI Land Cover 

time-series v2.0.7 is downloaded from: http://maps.elie.ucl.ac.be/CCI/viewer/download.php. 
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