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Response to the comments from Reviewer #1  

We are grateful to the reviewer for the constructive and careful review. We have 

incorporated the comments to the extent possible. The reviewer’s comments are 

italicized and our responses immediately follow. 

General Comments: 

1) Terminology-Because the definition for flash drought recovery focuses on changes 

in soil moisture, this framework introduces some confusion when also used to 

examine changes in GPP given the lag between the onset of soil moisture drought and 

its impact on vegetation health. For example, it is counterintuitive to refer to periods 

of “recovery” as those that also have substantial reductions in GPP. I think the 

framework used in this study is okay, but that different terminology needs to be used 

when referring to these periods because the “recovery” is only with respect to soil 

moisture conditions. The new terminology will need to be used in the abstract, and 

throughout the paper. It would also help to remind the reader at various stages of the 

paper that “flash drought” refers to “soil moisture flash drought” 

Response: Yes, given the definition of flash drought in this study is based on soil 

moisture deficit and decline rate, the “recovery” means the recovery of soil moisture 

drought instead of ecological drought. There is a lagged effect of ecosystem to soil 

moisture drought, so the GPP recovery usually lags behind the soil moisture recovery. 

According to the suggestion, we have revised “flash drought” as “soil moisture flash 

drought” throughout the paper. 

 

2) Definition-I think it’s fine that you chose to add a maximum length threshold 

(lines128-131) to the flash drought definition if you also want to solely focus on 

sub-seasonal drought events. However, this choice, and its impact on the resultant 

analysis, needs to be clearly noted in the revised text. For example, limiting flash 

drought duration to no more than two months means that situations where a period of 

rapid intensification preceded development of a longer-term drought will be excluded 

from the climatology because the soil moisture will not rise to greater than the 20
th
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percentile within the chosen period of time. In fact, many of the most notable flash 

drought events discussed in the introduction (such as the 2012 U.S. flash drought) 

would presumably not be classified as flash drought with this methodology because 

the period of rapid intensification itself lasted for two or more months after that. In 

reality, the method used in this study only examines a subset of flash droughts, where 

not only must they exhibit a period of rapid intensification over 1-2 months, but then 

the drought conditions themselves must also be completely eliminated within another 

month. So, there are sub-seasonal events in their entirety. This is alluded to at lines 

193-195. To reiterate, I think the methodology itself is okay, but that is needs to be 

clearly stated at various points of the text (abstract, methods, results, discussion, 

conclusions) that the goal is to look “only” at flash drought events that develop and 

decay over a single season, and that the method will exclude flash droughts that 

subsequently develop into long-term drought. 

Response: Thanks for your comments. In the last version of the manuscript, we only 

focused on the first two months of the flash drought if it did not recover. So we 

actually did not remove those flash droughts with long durations, but the maximum 

length threshold may affect the analysis during the recovery stage and after the flash 

drought. To avoid the confusion, we have now removed the maximum length 

threshold to consider the whole evolution of flash drought events even if it lasts for 

more than two months. In the revised manuscript, there are 151 flash drought events, 

and 20 of them have durations that are longer than two months. However, the main 

conclusions remain the same. The changes related to the removal to maximum length 

threshold are as follows: 

“The number of soil moisture flash drought ranges from 13 to 70 events among 

different vegetation types. There are 12 ENF sites in this study, and the number of soil 

moisture flash droughts for ENF (70) is the most among all the vegetation types. The 

duration for flash drought events ranges from 24 days to several months. In some 

extreme cases, the flash droughts would develop into long-term droughts without 

enough rainfall to alleviate drought conditions. Mean durations of soil moisture flash 

droughts for different vegetation types range from around 30 days to 50 days (Figure 
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2c).” (L232-241) 

 

Figure 1. A flowchart of flash drought identification by considering soil moisture 

decline rate and drought persistency. 
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Figure 2. (a) Global maps of 29 FLUXNET sites used in this study. (b) Total numbers 

(events) and (c) mean durations (days) of soil moisture flash drought events for each 

vegetation type during their corresponding periods (see Table 1 for details). Different 

colors represent different vegetation types. 

 

3) Section 3.3-This section needs to be substantially revised. Given that the focus 

elsewhere in the paper has been to evaluate the results based on the vegetation type, it 

is confusing why this section primarily focuses on analyzing the results accumulated 

over all vegetation types in Fig.5., before then very briefly discussing vegetation 

specific results in Fig.6. It would be much more insightful, and consistent with the rest 

of the paper, if you were to instead expand the existing briefly analysis for each of the 
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vegetation types into something more substantial. This would result in the removal of 

Fig.5 that focuses on all of the stations in aggregate and redoing the bottom panels in 

Fig.5 so that they can be added to Fig.6 for each individual vegetation type. This will 

then allow you to continue to examine the time series for each vegetation type as has 

been done elsewhere in the paper. 

Response: Thanks for your constructive comments. We have reorganized the results 

and shown them for each vegetation type, and removed those results accumulated 

over all vegetation types. We have revised the manuscript as follows: 

“Different types of vegetation including herbaceous plants and woody plants all 

react to soil moisture flash drought in the early stage (Figures 4a-e). Among them, 

SAV shows the fastest reaction to water stress (Figures 4a and 4f), and the RT is 

within 8 days for 63% events, suggesting that SAV responds concurrently with soil 

moisture flash drought onset. Ultimately, 88% events for SAV show reduced 

vegetation photosynthesis. The result is consistent with previous studies regarding the 

strong response of semi-arid ecosystems to water availability (Gerken et al., 2019; 

Vicente-Serrano et al., 2013; Zeng et al., 2018), and the decline in GPP for SAV is 

related to isohydric behaviors during soil moisture drought and higher VPD, through 

closing stomata to decrease water loss as transpiration and carbon assimilation 

(Novick et al., 2016; Roman et al., 2015). For ENF, only 27% of soil moisture flash 

droughts cause the negative SGPPA during the first 8 days. When RT is within 40 

days, the cumulative frequencies range from 74% to 88% among different vegetation 

types. The response frequency of RTmin and the response time of minimum soil 

moisture percentiles are quite similar, although there are discrepancies among the 

patterns of the response frequency for different vegetation types. The response 

frequency of RTmin for SAV increases sharply during 17-24 days of soil moisture 

flash droughts (Figure 4f). GPP is derived from direct eddy covariance observations 

of NEP and nighttime terrestrial ecosystem respiration, and temperature-fitted 

terrestrial ecosystem respiration during daytime. The response of NEP to flash 

droughts shows the compound effects of vegetation photosynthesis and ecosystem 

respiration. In terms of RT, the response of NEP is slower than GPP for SAV, but is 
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quicker for DBF and ENF (Figure 5). The discrepancies between NEP and SM in 

terms of RTmin are more obvious than those between GPP and SM, and the RTmin of 

NEP is much shorter than the RTmin of soil moisture especially for DBF and ENF, 

which may be related to the increase of ecosystem respiration (Figures 5 i and j).  

Figure 6 shows the temporal changes of SGPPA and soil moisture percentiles during 8 

days before soil moisture flash droughts and during the first 24 days of the droughts. 

During 8 days before flash droughts, there is nearly no obvious decline for SGPPA, 

while SAV, DBF and ENF shows small increase in GPP. The decline in SGPPA is 

more significant during the first 9-24 days of soil moisture flash droughts for different 

vegetation types, and SGPPA for SAV and CROP show quicker decline even during 

the first 8 days of soil moisture flash droughts. The decline rates in soil moisture are 

mainly concentrated within the first 16 days of flash droughts. There are various lag 

times for the response of GPP to the decline in soil moisture among different 

vegetation.” (L337-375) 
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Figure 4. Percentage of the response time (days) of the first occurrence of negative 

GPP anomaly (a-e), minimum GPP anomaly and minimum soil moisture percentile 

(f-j) during soil moisture flash drought for different vegetation types. SAV: savanna, 

CROP: rainfed cropland, MF: mixed forest, DBF: deciduous broadleaf forest and 

ENF: evergreen needleleaf forest.  
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Figure 5. The same as Figure 4, but for net ecosystem productivity (NEP). 
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Figure 6. The temporal change rates of standardized GPP anomalies (a-e) and soil 

moisture percentiles (f-j) for different vegetation types. SAV: savanna, CROP: rainfed 

cropland, MF: mixed forest, DBF: deciduous broadleaf forest and ENF: evergreen 

needleleaf forest.  
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Specific Comments: 

4) Line 37-Insert “future” before “land carbon uptake” in this sentence. 

5) Line 58-Please add the Svoboda et al. (2002) reference for the U.S. Drought 

Monitor. 

Response: Revised as suggested. (L38; L60) 

 

6) Line 59-This drought also impacted parts of southern Canada. 

Response: We have revised it as: 

“He et al. (2019) assessed the impacts of the 2017 northern USA flash drought (which 

also impacted parts of southern Canada) on vegetation productivity based on 

GOME-2 solar-induced fluorescence (SIF) and satellite-based evapotranspiration.” 

(L61-64) 

 

7) Line 78-Few studies, or no studies have investigated this parameter? If there are 

previous studies, please cite them here. 

Response: We have revised as “…few studies have investigated WUE during flash 

droughts that usually occur at sub-seasonal time scale (Xie et al., 2016; Zhang et al., 

2019).” (L83-85) 

 

8)  Introduction-It would also be good to cite the Otkin et al. (2018; WCAS) paper 

because they examined the impact of a flash drought on vegetation health across the 

north-central U.S. 

Response: We have revised as: 

“Besides, the 2016 flash drought over U.S. northern plains also decreased agricultural 

production (Otkin et al., 2018b).” (L67-68)  

 

9) Line 99-Please add some additional information about the soil moisture sensors, 

such as their type, their accuracy, and how they are sited. It would also be good to 

know what the soil type is for each of the stations. 
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Response: We have added additional information as follows: 

“Soil moisture observations are usually averaged over multiple sensors including time 

domain reflectometer (TDR), frequency domain reflectometer (FDR), and water 

content reflectometer etc. However, the older devices may be replaced with newer 

devices at certain sites, which may decrease the stability of long-term soil moisture 

observations and the average observation error of soil moisture is ±2%.” (L106-111) 

 

10) Line 103-106 -How were these vegetation classifications determined? I think it 

would also be good to briefly discuss the phenological characteristics of these 

classifications. 

Response: We have clarified the classification as follows: 

“The vegetation classification is according to International Geosphere-Biosphere 

Program (IGBP; Belward et al., 1999), where MF is dominated by neither deciduous 

nor evergreen tree types with tree cover larger than 60%, and the land tree cover is 

10-30% for SAV.” (L121-124) 

 

11) Line 106- Please make this sentence explicit rather than simply stating “etc”. 

Also, this would be a good spot to point the readers to the top panel in Fig.2 to see the 

locations of these stations. 

Response: We have revised the manuscript as follows: 

“Here we only select the FLUXNET observations including 12 evergreen needleleaf 

forest sites (ENF), 5 deciduous broadleaf forests (DBF), 6 crop sites (CROP; 5 

rain-fed sites and 1 irrigated site), 3 mixed forests (MF), and 3 savannas (SAV). The 

sites for grasslands, evergreen broadleaf forests, and shrublands are excluded because 

there are less than 10 soil moisture flash drought events.” (L116-121) 

We have also revised Figure 2. Please see our response above. 

 

12) Lines 106-108-Please provide some justification for why these three particular 

sites were chosen for the case study analyses. It would also be helpful to mention here 

where these three stations are located, and a brief overview of their climate 
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characteristics. For example, are there stations located in regions that are known to 

frequently experience flash droughts? 

Response: We have removed the case analyses in the revised manuscript because they 

cannot represent the situations for different vegetation types. Instead, we have now 

focused on the composite analysis of soil moisture flash droughts for each vegetation 

type.  

 

13) Line 116-Does the first day of the flash drought occur at the beginning, middle, or 

end of the 8-day period used to compute the mean conditions? Please clarify. 

Response: We have clarified it as follows: 

“1) Soil moisture flash drought starts at the middle day of the 8-day period when the 

8-day mean soil moisture is less than the 40
th

 percentile, and the 8-day mean soil 

moisture prior to the starting time should be higher than 40
th
 percentile to ensure the 

transition from a non-drought condition.” (L136-140) 

 

14) Figure 1-The label between steps 2 and 3 should be “true”. The box for step five 

should also be expanded to include “and <2 months”. Please correct these errors. 

Response: We have now removed the maximum duration threshold and updated the 

figure. Please see our response above. 

 

15) Line 119-It would be good to note here that these differences are also being 

computed at 8-day increments to match the cadence of the 8-day mean periods. 

Response: Thanks for your comments. We have revised the manuscript as follows: 

“2) The mean decreasing rate of 8-day mean soil moisture percentile should be no less 

than 5% per 8 days to address the rapid drought intensification.” (L140-141) 

 

16) Lines 123-125-“Recovery” is imprecise here because a decrease of 4% from one 

period to the next does not represent recovery; instead, it simply means that the 

deterioration is not fast enough to meet the threshold for a flash drought used in this 

study. Please change this term to “stabilization”, or something similar, because that 
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will permit some degradation to still occur. Note that this only refers to the soil 

moisture status “stabilizing”, thus, the inconsistency with respect to the vegetation 

parameters (see Major Comment#1) still remains and will also need to be properly 

addressed. 

Response: Thanks for your comments. The end of the onset stage of flash drought 

occurs when the mean decline rate (from the beginning of flash drought) is smaller 

than 5% in percentiles per 8 days, which would avoid such phenomenon that the soil 

moisture percentiles are still declining after the onset stage as much as possible. We 

compared the soil moisture percentiles during recovery stages and at the ending point 

of onset stages, and found that the soil moisture still declines at the rate of 2~3% in 

percentiles per 8 days only for 3% of flash drought events (Figure R1). Therefore, the 

soil moisture percentiles during the identified recovery stages increase as compared 

with the ending point of onset stages for most cases. 

 

Figure R1. The frequency of soil moisture percentile changes between recovery 

stages and the ending point of onset stages.  

 

17) Line 132-Please change the start of this sentence to “At least decade long” 

Response: Revised as suggested. (L154) 
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18) Line 132-140-It would be good to reiterate here that the percentiles themselves 

are still only computed over an 8-day period, but that the use of the surrounding 

8-day periods are used to increase the sample size. These surrounding time periods 

though are certainly not completely independent, so please also comment on how 

much this approach does or does not increase the effective sample size when 

computing the percentiles 

Response: Thanks for your comments. Figure R2 shows the probability density 

function of soil moisture at different time based on the climatology solely from the 

target time of all observation years (a_clim) and the climatology consisting of the 

target time and 8 days before and after the target time of all observation years 

(b_clim). The b_clim is smoother than a_clim, indicating that the extended samples 

would decrease the uncertainty caused by certain extreme values. We have revised the 

manuscript as follows: 

“Besides, the target 8-day soil moisture percentiles are only based on the target 8-day 

soil moisture in the context of the expanded samples.” (L157-159) 

 

Figure R2. The probability density function of soil moisture at Jun 2-9, Jun 10-Jul 17, 

Jun 18-Jun 25, Jun 26-Jul 2 based on the climatology solely from the target time 
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during all observation years (black lines; a_clim) and the climatology from not only 

the target time but also 8 days before and after the target time from all observation 

years (red lines; b_clim). 

 

19) Lines 150-Please add the Crausbay et al. (2017) paper in BAMS that discusses 

ecological drought. 

Response: Revised as suggested. (L174) 

 

20) Line 154-You highlight an example with 19 years of data: however, most of the 

stations only have around 10 years of data. This is a short period for computing 

standard deviations. Please comment on how the short period of record will impact 

the anomalies and their subsequent use in this study. 

Response: Thanks for your comments. Here the standardized deviation of GPP are 

also based on at least 30-sample climatology, which is same as that of soil moisture 

percentiles as we mentioned above. We have revised the manuscript as follows: 

“For instance, all Apr 1-8 during 1996-2014 would have a 𝜇𝐺𝑃𝑃 and a 𝜎𝐺𝑃𝑃 based 

on a climatology same as soil moisture percentile calculation, which consists of 

March 24-31, Apr 1-8, and Apr 9-16 in all years, and Apr 9-16 would have another 

𝜇𝐺𝑃𝑃 and another 𝜎𝐺𝑃𝑃, and so on” (L179-182) 

 

21) Lines 154-157-The example provided in this sentence implies that ecological 

drought always happens one period after the flash drought first develops. Is that the 

true intention here? If not, please clarify this sentence. I would expect there to be 

more than a one period lag because in many situations, the vegetation roots will 

extend much deeper than the 10-cm topsoil layer used in this study to identify flash 

droughts, thereby allowing them to remain healthy despite a rapidly drying topsoil 

layer. This needs to be highlighted in this section – a flash drought in the top soil 

layer may not correspond to an ecological drought because of the depth of the roots. 

Response: Thanks for your comments. We have revised the manuscript as follows: 

“Considering flash drought is identified through surface soil moisture due to the 
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availability of FLUXNET data, vegetation with deeper roots may obtain water in deep 

soil and remain healthy during flash drought. The roots vary among different 

vegetation types and forests are assumed to have deeper roots than grasslands, which 

may influence the response to soil moisture flash droughts.” (L189-193) 

 

22) Lines 150-162-It would be helpful if each of these indices were assigned separate 

names to be used in the results section. 

23) Line 187-Please add “or equal to” before 24 days 

Response: Revised as suggested. 

 

24) Line 190-The station level average lengths are not helpful because many of the 

stations only have one or two events. It would be better to show the average length 

over all of the stations, or for all of the stations within a particular ecosystem type. 

Please do this in the revised text. 

Response: We have now shown all results based on different vegetation types instead 

of at station level. The manuscript has been revised as follows: 

“Figure 2a shows the distribution of the 29 sites with different vegetation types, which 

are mainly distributed over North America and Europe. The number of soil moisture 

flash drought ranges from 13 to 70 events among different vegetation types. There are 

12 ENF sites in this study, and the number of soil moisture flash droughts for ENF (70) 

is the most among all the vegetation types. The duration for flash drought events 

ranges from 24 days to several months. In some extreme cases, the flash droughts 

would develop into long-term droughts without enough rainfall to alleviate drought 

conditions. Mean durations of soil moisture flash droughts for different vegetation 

types range from around 30 days to 50 days (Figure 2c).” (L231-241) 

 

25) Lines 192-193-Is this sentence meant to imply that some stations may have 

multiple flash droughts because a single event is broken into two because of a rainfall 

event that temporally improves things? If so, please describe it as such, otherwise it is 

not clear what this sentence adds to the paper. 
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Response: This sentence has been deleted as it is not relevant to the results. 

 

26) Line 192-What is meant by “variability of soil moisture”? Please describe this 

more clearly. Also, this really means variability of precipitation since it is the ultimate 

cause of the variability in soil moisture. 

Response: The relationship between frequency of flash droughts and variability of 

soil moisture is not significant, so we have now deleted this sentence. 

 

27) Figure 2-The panels on this figure are difficult to read. For example, the spatial 

heterogeneity briefly mentioned in the text is impossible to see in the top panel 

because most of the stations are crammed into central Europe or North America, and 

it is impossible to relate the results shown in the bottom panels to the map shown in 

the top panel. I suggest breaking this panel into separate panels for North America, 

Europe, and the other four stations individually, while still taking the same amount of 

space as the current panel. This will allow you to zoom into all of these regions and 

therefore more clearly show the spatial heterogeneity. 

Response: We have revised Figure 2 as suggested. Please see our response above. 

 

28) Lines 204-206-This sentence is imprecise. A decrease in ET will indeed limit the 

loss of soil moisture; however, it does not represent an alleviation of drought 

conditions. For one thing, soil moisture will still be decreasing in the absence of 

rainfall, albeit at a slower rate. Secondly, decreasing ET actually means that 

agricultural or ecological drought conditions are worsening. Please clarify this 

statement to account for these considerations. 

Response: We have revised the sentence as follows: 

“ET starts to decrease during the recovery stage due to the limitation of water 

availability, and the decreasing ET also reflects the enhanced water stress for 

vegetation during the recovery stage.” (L413-415)  

 

29) Lines 210-211-Please add some information describing where these stations are 
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located, and why these events were chosen for closer analysis. 

30) Figure 4-Please change the top and bottom rows so that precipitation and 

temperature anomalies can be both positive and negative, otherwise, the analysis is 

incomplete since only one part of the anomaly time series can be shown. 

31) Line 220-This statement is too strong because it is based on a single case study. 

32) Line 228-Is there a reference that supports this statement? The variability in the 

time series for this station is very similar to the other two time series shown on Fig.4. 

33) Lines 230-231-This statement is not supported by the bottom row of Fig. 4 where 

the ET anomalies for this savanna station are actually less severe than those for the 

forested site. Please fix this in the revised text. 

34) Lines 212, 224, and 236-It would help if you pointed the reader toward the 

appropriate panels on Fig. 4 in the introductions to each of these paragraphs. 

Response: We have removed the case analyses in the revised manuscript and focused 

on the composite analysis of flash droughts for each vegetation type. Please see our 

response above. 

 

35) Figure 5-Please move the legend on panel a to panel b since that is where both 

these lines are shown. 

Response: We have reorganized the manuscript according to your comment 3. 

 

36) Line 252-It would be good to clarify that is “flash drought as determined by soil 

moisture reductions” 

Response: Revised as suggested. 

 

37) Line 279-Why “down to its normal conditions”? I assume this is a mistake since 

you’ve already shown in previous section that GPP anomalies become negative 

during a flash drought. 

Response: In this study, negative GPP anomalies did not occur during all flash 

drought events and GPP responded to 81% of flash droughts. We have clarified as 

follows: 
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“Here, we select 81% of soil moisture flash drought events with GPP declining down 

to its normal conditions to analyze the interactions between carbon and water fluxes, 

while GPP during the remaining 19% of soil moisture flash drought events may stay 

stable and is less influenced by drought conditions.” (L382-385) 

 

38) Line 284-The ratio is reversed compared to that shown at line 172. 

Response: Here uWUE (    √      ) is partitioned into GPP and    √   , 

which is more direct when compared the response of vegetation photosynthesis and 

stomatal conductance to soil moisture flash droughts, respectively.  

 

39) Line 288-Again, this terminology is confusing-how can “recovery” be 

accompanied by “significant reductions” in GPP and ET. Those reductions show that 

vegetation conditions have deteriorated, not improved. This is also repeated at lines 

319-320. This terminology needs to be changed to reflect that the “recovery” is only 

respect to soil moisture. 

Response: We highlight the recovery is referred to soil moisture flash droughts 

(L401). 

 

40) Line 315-Please change “intensify” to “reduction”. 

Response: Revised as suggested.  
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Response to the comments from Reviewer #2 

We are grateful to the reviewer for the constructive and careful review. The 

constructive suggestions have helped improved our manuscript. The reviewer’s 

comments are italicized and our responses immediately follow. 

The authors present first evaluation of GPP from FLUXNET in response to flash 

drought. This is an important topic and this submission is timely as well as novel. At 

the same time, I feel that a more detailed analysis is warranted before publication.  

General comments:  

1) I generally think that analyzing the relationships between flash drought and GPP is 

very important. I am wondering though, whether this paper leaves out a large part of 

the story by focusing narrowly on the 30-60 days of flash drought. Similarly, there is 

very little analysis that looks into the underlying mechanisms of GPP besides the 

WUE analysis. I am wondering how temperature, global radiation, SM, and VPD, 

which all affect GPP behave. For example one would expect drought to be associated 

with elevated temperatures. In this context, the authors stress the GPP reduction 

associated with drought, but several other papers have shown that GPP reduction 

during drought can be associated with compensation effects before and after the 

drought. By only focusing strictly on the drought these are being missed. 

Response: Thanks for your comments. In the revised manuscript, we have now 

dropped the maximum length threshold of 60 days for the definition of flash drought, 

although the main conclusions remain unchanged. To explore the role of climate 

factors on GPP, we have now used partial correlation to investigate the relationship 

between the standardized anomalies of GPP and temperature, radiation, VPD and soil 

moisture. Besides, we have extended the study period from 8 days before flash 

drought to 8 days after flash drought. There is little change of GPP during 8 days 

before flash droughts, and the decreasing in GPP is more obvious during the recovery 

stage of flash droughts and 8 days after. The deficits in soil moisture play an 

important role in decreasing GPP during onset stages of flash droughts, whereas VPD 
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is more significant to GPP during recovery stages. We have revised the manuscript as 

follows: 

“2.2.4 The role of meteorological conditions on GPP 

Considering the compound impacts of temperature, radiation, VPD and soil 

moisture on vegetation photosynthesis, the partial correlation is used to investigate the 

relationship between GPP and each climate factor, with the other 3 climate factors as 

control variables as follows:               

 𝑟𝑖𝑗(𝑚1,𝑚2…𝑚𝑛)
=

𝑟𝑖𝑗(𝑚1,…𝑚𝑛−1)−𝑟𝑖𝑚𝑛(𝑚1,…𝑚𝑛−1)𝑟𝑗𝑚𝑛(𝑚1,…𝑚𝑛−1)

√(1−𝑟𝑖𝑛(𝑚1,…𝑚𝑛−1)
2 )(1−𝑟𝑗𝑛(𝑚1,…𝑚𝑛−1)

2 )
      (1) 

where i represents GPP, j represents the target meteorological variables and 

 1,   …       represent the control meteorological variables. 𝑟𝑖𝑗(𝑚1,𝑚2…𝑚𝑛)
 is the 

partial correlation coefficient between i and j, and 𝑟𝑖𝑗(𝑚1,…𝑚𝑛−1), 𝑟𝑖𝑚𝑛(𝑚1,…𝑚𝑛−1) and 

𝑟𝑗𝑚𝑛(𝑚1,…𝑚𝑛−1) are partial correlation coefficients between i and j, i and   , j and 

   respectively under control of  1,   …      −1.” (L215-226) 

“3.4 The role of climate factors on GPP during soil moisture flash drought 

Figure 8 shows the partial correlation coefficients between standardized 

anomalies of GPP and meteorological variables and soil moisture percentiles during 

different stages of soil moisture flash droughts. The correlation between climate 

factors and GPP is not statistically significant during 8 days before soil moisture flash 

droughts. During onset stages of soil moisture flash droughts, the partial correlation 

coefficients between SGPPA and soil moisture percentiles are 0.44, 0.49 and 0.29, 

respectively for SAV, CROP, and ENF (p<0.05). Besides, shortwave radiation is 

positively correlated with SGPPA for MF, DBF, and EBF (Figure 8b) during onset 

stages and the positive anomalies of shortwave radiation could partially offset the loss 

of vegetation photosynthesis due to the deficits in soil moisture. SGPP is also 

positively correlated with temperature during onset stages for SAV and DBF. The 

partial correlation coefficients between SGPPA and VPD are -0.53 and -0.22 

respectively for DBF and ENF, and the higher VPD would further decrease GPP 

during onset stages. The influence of VPD on GPP is much more significant during 
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recovery stages and 8 days after. SGPPA is positively correlated with soil moisture 

and negatively with VPD for SAV both during recovery stages and 8 days after.” 

(L423-439) 

“During 8 days before soil moisture flash drought, WUE and uWUE are generally 

close to the climatology (Figure 7a) and there are no significant changes in GPP, ET, 

and    √    (Figures 7e and 7i). However, the median value of SGPPA for SAV is 

positive (Figure 7e).” (L385-389) 

“During 8 days after flash drought, the standardized anomalies of uWUE are still 

positive for forests, whereas SGPPA and ET are both lower than the climatology for 

all ecosystems. The ecological negative effect would persist after the soil moisture 

flash drought.” (L419-422) 

 

Figure 7. Standardized anomalies of water use efficiency (WUE), underlying WUE 

(uWUE), GPP, ET and    √    during 8 days before flash drought onset, onset 

and recovery stages of flash drought events, and 8 days after flash drought.  
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Figure 8. The partial correlation coefficients between GPP and soil moisture (SM), 

shortwave radiation (SW), temperature (Temp) and vapor pressure deficit (VPD) for 

different vegetation types including savannas (SAV), rain-fed croplands (CROP), 

mixed forests (MF), deciduous broadleaf forests (DBF), and evergreen needleleaf 

forests (ENF) during 8 days before soil moisture flash drought, onset and recovery 

stages and 8 days after soil moisture flash drought. * indicates the correlation is 

statistically significant at the 95% level. (L934-941) 

 

2) Similarly, the authors bin data based on onset (which should probably rather be 

called intensification) and recovery time as well as 8-day intervals. They present 3 

examples of flash droughts in Figure 4, but it is unclear to me to what extent these are 

being representative and whether it makes sense to lump all drought events together 

like this. For example, the FI-Sod event shows fast recovery in SM, GPP, and ET (i.e. 

is terminated by a strong rain event), while US-SRM and IT-Col show basically no 

recovery of GPP and only ET recovery for IT-Col, which indicates that there is no 

real recovery taking place. Based on this, I would not expect to find generalizable 
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behavior during this period. I am not sure how to resolve this in detail, but I think that 

a deeper dive into data and individual events is merited. 

Response: Thanks for your comments. We have removed the case analysis in the 

revised manuscript because they cannot represent different vegetation types. Instead, 

we have now focused on the composite analysis for each vegetation type throughout 

the manuscript. This study focuses on the ecological response during the onset and 

recovery stages of flash droughts. However, it is still an important issue to assess the 

ecological impacts after flash droughts. Therefore, we use lagged autocorrelation 

models to investigate the relationship between GPP and soil moisture conditions 

during 8 days after flash droughts, and GPP at the end of flash droughts as follows:    

                          1 =     1    1                         (1) 

where      1 and     1 are the standardized anomalies of GPP and soil moisture 

percentiles during 8 days after flash droughts, and      is the GPP at the end of 

flash droughts.   ,  1 and    are empirically derived coefficients. Table R1 shows 

the regression coefficients of b1 and b2. The regression coefficients for soil moisture 

during 8 days after flash droughts is significantly positive for SAV, DBF, and ENF, 

and the regression coefficients for GPP at the end of flash droughts are also positive 

for SAV and CROP (Table R1). These indicate that the antecedent vegetation 

conditions and soil moisture after flash droughts would influence the GPP at different 

ecosystems.  

Table R1. The regression coefficients of b1 and b2 for soil moisture during 8 days 

after flash droughts and the GPP at the end of flash droughts, respectively. * indicates 

statistically significant at the 95% level. 

 

SAV CROP MF DBF ENF 

b1        -0.006 -0.006               

b2             0.11 0.61 0.56 

 

Thus, we have added the discussion about the legacy effects of flash droughts 

connected with climate and vegetation conditions in the revised manuscript as 
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follows: 

“During 8 days after the soil moisture flash drought, the anomalies of GPP and ET are 

still negative, indicating that the vegetation does not recover immediately after the 

soil moisture flash drought. The legacy effects of flash droughts may be related to the 

vegetation and climate conditions (Barnes et al., 2016; Kannenberg et al., 2020).” 

(L479-483 in the revised manuscript) 

 

3) The discussion is falling a bit short with respect to differences between plant 

functional type classes. Some discussion around differences between grasslands and 

forests as outlined in specific comments may help here. 

Response: Thanks for your comments. We have compared the response of NEP and 

GPP and discussed the correlation between soil moisture and GPP for different 

vegetation types in the revised manuscript as follows: 

“Due to the influence of ecosystem respiration, the responses of NEP for DBF and 

ENF to flash droughts are much quicker than GPP, implying that the sensitivity of 

ecosystem respiration is less than that of vegetation photosynthesis (Granier et al., 

2007).” (L457-460) 

 “Due to the limitation of FLUXNET soil moisture measurements, here we used soil 

moisture observations mainly at the depths of 5 to 10 cm. We also analyzed the 

response of GPP to flash drought identified by 0.25-degree ERA5 soil moisture 

reanalysis data at the depths of 7cm and 1m. The response of GPP to flash droughts 

identified by FLUXNET surface soil moisture are quite similar to those identified by 

ERA5 soil moisture at the depth of 1m (not shown). There are less GPP responses to 

flash droughts identified by ERA5 surface soil moisture. Although we select the 

ERA5 grid cell that is closest to the FLUXNET site and use the ERA5 soil moisture 

data over the same period as the FLUXNET data, we should acknowledge that the 

gridded ERA5 data might not be able to represent the soil moisture conditions as well 

as flash droughts at in-situ scale due to strong heterogeneity of land surface. Therefore, 

the in-situ surface soil moisture from FLUXNET is useful to identify flash droughts 

compared with reanalysis soil moisture, although the in-situ root-zone soil moisture 
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would be better.” (L490-504) 

“The correlation between soil moisture and GPP is more significant for SAV, CROP, 

and ENF during onset stages of flash droughts, which is consistent with the strong 

response to water availability of SAV and CROP (Gerken et al., 2019). SAV is more 

isohydric than forests and would reduce stomatal conductance immediately to prohibit 

water loss that further exacerbates drought (Novick et al., 2016; Roman et al., 2015). 

However, almost all vegetation types show high sensitivity to VPD during the 

recovery stage of flash droughts.” (L519-525) 

 

4)Given that FLUXNET measures NEE rather than GPP and GPP is partitioned, 

some discussion on this partitioning may be warranted and NEE should probably also 

be shown. 

Response: Thanks for your positive comments. We have clarified the measurement of 

NEP and revised our manuscript as follows: 

“GPP is derived from direct eddy covariance observations of NEP and nighttime 

terrestrial ecosystem respiration, and temperature-fitted terrestrial ecosystem 

respiration during daytime. The response of NEP to flash droughts shows the 

compound effects of vegetation photosynthesis and ecosystem respiration. In terms of 

RT, the response of NEP is slower than GPP for SAV, but is quicker for DBF and ENF 

(Figure 5). The discrepancies between NEP and SM in terms of RTmin are more 

obvious than those between GPP and SM, and the RTmin of NEP is much shorter than 

the RTmin of soil moisture especially for DBF and ENF, which may be related to the 

increase of ecosystem respiration (Figures 5 i and j).” (L355-364) 

“Due to the influence of ecosystem respiration, the responses of NEP for DBF and 

ENF to flash droughts are much quicker than GPP, implying that the sensitivity of 

ecosystem respiration is less than that of vegetation photosynthesis (Granier et al., 

2007).” (L457-460) 
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Figure 5. The same as Figure 4, but for net ecosystem productivity (NEP).  

 

Specific Comments: 

L99: It might be a good idea to also look into other sources of soil moisture here, as 

there is little standardization across FLUXNET with respect to sensor depth etc. 
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Response: Here we used 0.25-degree ERA5 soil moisture reanalysis data at the 

depths of 7cm and 1m to analyze the response of GPP to soil moisture flash droughts 

and added this into discussion in the response to your comment 3. 

 

L101: We select 34 sites from FLUXNET where,…>are these all sites that fit the 

definition from this sentence or was there further subsetting done? 

Response: We have clarified as follows: 

“Here we only select the FLUXNET observations including 12 evergreen needleleaf 

forest sites (ENF), 5 deciduous broadleaf forests (DBF), 6 crop sites (CROP; 5 

rain-fed sites and 1 irrigated site), 3 mixed forests (MF), and 3 savannas (SAV). The 

sites for grasslands, evergreen broadleaf forests, and shrublands are excluded because 

there are less than 10 soil moisture flash drought events.” (L116-121) 

 

L147: “The negative anomalies of GPP during flash drought are considered as the 

signal of ecological deterioration.”> This sounds not correct to me. Water stress will 

reduce GPP, which is a given, but I don’t think it necessarily follows that this has a 

lasting consequence as implies here. It would be interesting to see to what extent do 

these ecosystems compensate. I.e. is there a lasting effect from a flash drought even in 

the annual carbon balance. 

Response: We agree with the reviewer that a GPP decline below its normal condition 

(long-term mean) does not necessarily indicate an ecological deterioration, where we 

actually regard it as the onset of ecological response. We have examined the GPP 

response during 8 days after flash droughts (please see our response to your first 

comment) and we have revised this sentence as follows: 

“The negative anomalies of GPP during soil moisture flash drought are considered as 

the onset of ecological response.” (L171-173) 
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L165: “influence of water and energy conditions”>“ water and energy availability?” 

Response: Revised as suggested. 

 

L189-190: “and the mean durations were from around 30 days to 60 days among 

FLUXNET sites”> I am a bit confused by that given that I was under the impression 

that droughts longer than 2 months days were excluded from the analysis. How can 

then mean drought length be 60 days, if that is also about the maximum possible 

length? 

Response: In the revised manuscript, we have now removed the threshold of 

maximum duration of flash droughts and the average duration is calculated for each 

vegetation type not for each site.  

 

Figure 2 is problematic: I would zoom into Europe. It is also not possible to link the 

sites from a) to b) and c) without consulting Table 1. As a side note: the 4 Canadian 

ENF sites are more or less directly adjacent to each other, with 3 of them showing 

almost the same behavior. It may be better to only keep two of them (CA-TP4 is 

different (Why?))  

Response: Thanks for your comments. There are 4 Canadian ENF sites including 

CA-Obs, CA-TP1, CA-TP3, and CA-TP4 in this study. Although the vegetation type 

and climate conditions are quite similar for CA-TP1, CA-TP3, and CA-TP4, the ages 

of trees are different, which may influence soil moisture conditions and the ecological 

response to soil moisture flash droughts. We have revised Figure 2 as follows: 
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Figure 2. (a) Global maps of 29 FLUXNET sites used in this study. (b) Total 

numbers (events) and (c) mean durations (days) of soil moisture flash drought events 

for each vegetation type during their corresponding periods (see Table 1 for details). 

Different colors represent different vegetation types. 

 

Figure 3 and associated text: I am a bit confused about onset and recovery. Are these 

singe 8 day periods or do they refer to several periods. I am not sure whether this is 

necessarily a good way of showing this data and what is really learned here, since 

everything is lumped together and there is an implied time-axis, which is not 
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consistent in itself. The temporal evolution of these events is also already well 

established in the literature.   

Response: To clarify different stages in the Figure 3, we have revised manuscript as 

follows: 

“Here the onset and recovery stages of flash droughts refer to certain periods 

characterized by the soil moisture decline rates. The standardized anomalies of 

temperature, precipitation, VPD, and shortwave and soil moisture percentiles are 

composited to show the meteorological conditions during different stages of flash 

droughts.” (L250-254)  

 

Figure 4: It looks as if these sites were chosen as representative for each class, but 

this should be made explicit in the text. I don’t particularly like the fact that 

anomalies are being plotted at the site level. We need to calculate ET, GPP, and SM 

anomalies to compare sites and establish drought, but here there is no need and it 

makes it harder to understand the underlying dynamics. I also think that if these sites 

are chosen, one should plot all drought events (all six or so per site) and not only 

specifically chosen year. Also, based on this figure, I feel that onset should be 

renamed as intensification. 

Response: Thanks for your comment. We have removed the case analysis in the 

revised manuscript because they cannot represent different vegetation types. Instead, 

we have now focused on the composite analysis for each vegetation type throughout 

the manuscript. “Intensification” and “onset” are quite similar to describe the 

development of flash droughts. Corresponding with “recovery”, “onset” would be a 

better name than “intensification” (Yuan et al., 2019). 

 

Figure 5: a) It appears if there is a quick response of GPP at the beginning of the 

flash drought, which one would expect simply by having high VPD, which will lead to 

stomata closure, but SM seems to be much less affected. It would be nice to learn 

whether this is really unusual or whether this GPP responses related to soil moisture 

reduction (drought) or VPD forcing. For example Gerken et al. 2018 
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(https://www.hydrolearth-syst-sci-discuss.net/hess-2018-211/) showed that potential 

evapotranspiration (∼VPD) happened before the onset 2017 Norther Great Plains 

flash drought. It would be interesting to see whether GPP reduction also occurs 

before drought onset. To what extent are panels c and d necessary. 

Response: Thanks for your positive comments. We analyzed the standardized GPP 

anomalies during 8 days before flash drought and there is no obvious decline in GPP 

except for MF (Figure 6e). Besides, the decline in soil moisture plays a dominant role 

in affecting GPP during onset stages of flash droughts and the influence of higher 

VPD is more significant during recovery stages. Please see our response to your first 

comment. 

 

L251: “that negative GPP anomalies occur during 81%”-> if this refers to the rad 

line in Figure 5a/b, then this number seems inconsistent with the figure, where it is 

more like 78%. 

Response: In the last version of manuscript, Figures 5a and 5b only showed the 

cumulative response frequency within 1-40 days of flash droughts, whereas the total 

response frequency is 81% during the whole flash droughts. In the revised manuscript, 

we have deleted Figure 5 and focused on ecological responses to flash droughts for 

different ecosystems. 

 

L270: "The result is consistent with the high vulnerability of vegetation in semiarid 

regions" > I would caution against this interpretation. Semi-arid ecosystems are 

highly adapted to changes in water availability and show fast response to changes in 

water availability (e.g. Gerken et al. 2019, 10.1038/s41612-019-0094-4). Without 

additional analysis, this should not be taken as a sign of degradation or vulnerability; 

especially since the final cumulative values are practically the same as for forests 

(MF, BF, ENF). Some discussion about isohydricity, VPD may also be helpful in this 

context (e.g. Novick et al, 2016, 10.1038/nclimate3114, Roman et al, 2015; 

10.1007/s00442015-3380-9) 
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Response: Although the final cumulative values are similar to those for forests, GPP 

for Savanna does show faster response to flash drought as illustrated in Figure 4 in the 

revised manuscript. However, we agree with the reviewer that the statement of “high 

vulnerability of vegetation in semiarid regions” is not relevant. We have revised the 

manuscript as follows: 

“The result is consistent previous studies regarding the strong response of semi-arid 

ecosystems to water availability (Gerken et al., 2019; Vicente-Serrano et al., 2013; 

Zeng et al., 2018) and the decline in GPP for SAV is more related to isohydric 

behaviors during soil moisture drought and higher VPD, through closing stomata to 

decrease water loss as transpiration and carbon assimilation (Novick et al., 2016; 

Roman et al., 2015).” (L342-348) 

 

L285: "Increasing VPD and deficits in soil moisture would decrease canopy 

conductance" -> The fact that uWUE stays invariant shows that GPP reductions are 

due to canopy conductance. During recovery SAV and CROP, which are both 

dominated by grasses are likely brown, while forests are still green and quickly 

respond. This again likes directly to different biophysical responses of forests and 

grasslands and isohydricity effects. These should be discussed. 

Response: Thanks for your constructive comments. We have incorporated them into 

the revised manuscript as follows: 

“The decrease in uWUE for SAV and CROP during recovery stages indicates that 

SAV and CROP are likely brown due to carbon starvation caused by the significant 

decrease in stomatal conductance (McDowell et al., 2008).” (L405-408) 

“However, the positive anomalies of uWUE for DBF and ENF during the recovery 

stage imply that the decline in GPP mainly results from the stomata closure.” 

(L411-413) 

 

L315: "Eventually, 81% of flash drought events cause negative ecological impacts on 

GPP." > I am not sure that a reduction in GPP is necessarily an negative impact. 

This depends greatly on the annual carbon balance. For example Wolf et al, 2016 
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(PNAS) showed that there is GPP compensation (i.e. warmer temperatures before 

drought causes higher initial GPP). Without looking into potential compensation 

effects, I feel that this statement is too harsh. 

Response: Thanks for your comments. We explored the response of GPP during 8 

days before and after flash droughts and their relationship with soil moisture 

conditions and antecedent vegetation conditions, and found that there is no obvious 

anomaly in GPP during 8 days before flash droughts but GPP does not recover 

immediately as the end of flash droughts, and the legacy effects of soil moisture flash 

droughts on vegetation may be related to soil moisture conditions after flash droughts 

and the intensity of GPP response (please see our responses to your first two 

comments). Besides, we have revised the statement as follows: 

“Eventually, 81% of soil moisture flash drought events cause declines in GPP.” 

(L460-461) 

 

L346: "The positive anomalies of WUE and uWUE for forests show the adaptation of 

vegetation to flash drought from physiological perspective." > Not sure that this is 

true. Forests have also access to more water in the soil due to deeper roots and have 

invested much more in biomass. Grasslands just become dry and then recover. I think 

that these are different strategies rather than one being more prepared than the other. 

Response: Thanks for your comments. We have revised the manuscript as follows: 

“The positive anomalies of WUE and uWUE for forests suggest that their deeper 

roots can obtain more water than grasslands during flash drought.” (L512-515) 

 

Technical (not complete): L36: (e.g. droughtS, heat waveS) 

L40: in some -> during (some is also not needed because of can) 

L269: impaired -> reduced 

Response: Revised as suggested. (L37; L41; L343) 
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Abstract. Flash drought is characterized by its rapid onset and arouses wide concerns 15 

due to its devastating impacts on the environment and society without sufficient early 16 

warnings. The increasing frequency of soil moisture flash drought in a warming 17 

climate highlights the importance of understanding its impact on terrestrial 18 

ecosystems. Previous studies investigated the vegetation dynamics during several 19 

extreme cases of flash drought, but there is no quantitative assessment on how fast the 20 

carbon fluxes respond to flash drought based on decade-long records with different 21 

climates and vegetation conditions. Here we identify soil moisture flash drought 22 

events by considering decline rate of soil moisture and the drought persistency, and 23 

detect the response of ecosystem carbon and water fluxes to soil moisture flash 24 

drought during its onset and recovery stages based on observations at 34 29 25 

FLUXNET stations from grasslands croplands to forests. Corresponding to the sharp 26 

decline in soil moisture and higher VPD, gross primary productivity (GPP) drops 27 

below its normal conditions in the first 16 days and reduces to its minimum within 24 28 

days for more than 50% of the 1651 identified flash drought events, and savannas 29 

show highest sensitivity to flash drought. Water use efficiency increases for forests 30 

but decreases for cropland and savanna during the recovery stage of flash droughts. 31 

These results demonstrate the rapid responses of vegetation productivity and 32 

physiological adaptationresistance  forof forest ecosystems to flash drought. 33 

Keywords: Flash drought; GPP; Soil moisture; Water use efficiency; FLUXNET  34 
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1. Introduction 35 

Terrestrial ecosystems play a key role in the global carbon cycle and absorb 36 

about 30% of anthropogenic carbon dioxide emissions during the past five decades 37 

(Le Quéré et al., 2018). With more climate extremes (e.g. droughts, heat waves) in a 38 

warming climate, the rate of future land carbon uptake is highly uncertain regardless 39 

of the fertilization effect of rising atmospheric carbon dioxide (Green et al., 2019; 40 

Reichstein et al., 2013; Xu et al., 2019). Terrestrial ecosystems can even turn to 41 

carbon source in someduring extreme drought events (Ciais et al., 2005). 42 

Record-breaking drought events have caused enormous reduction of the ecosystem 43 

gross primary productivity (GPP), such as the European 2003 drought (Ciais et al., 44 

2005; Reichstein et al., 2007), USA 2012 drought (Wolf et al., 2016), China 2013 45 

drought (Xie et al., 2016; Yuan et al., 2016), Southern Africa 2015/16 drought (Yuan 46 

et al., 2017) and Australia Millennium drought (Banerjee et al., 2013). The 2012 47 

summertime drought in USA was classified as flash drought with rapid intensification 48 

and insufficient early warning, which caused 26% reduction in crop yield (Hoerling et 49 

al., 2014; Otkin et al., 2016). Flash drought has aroused wide concerns for its 50 

unusually rapid development and detrimental effects (Basara et al., 2019; Christian et 51 

al., 2019; Ford & Labosier, 2017; Nguyen et al., 2019; Otkin et al., 2018a; Otkin et al., 52 

2018b; Wang and Yuan, 2018; Yuan et al., 2015; Yuan et al., 2017; Yuan et al., 2019b). 53 

Despite the increasing occurrence and clear ecological impacts of flash droughts, our 54 

understanding of their impacts on carbon uptake in terrestrial ecosystems remains 55 

incomplete. 56 
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Recent studies assessed the impact of flash drought on vegetation including the 57 

2012 central USA flash drought and the 2016 and 2017 northern USA flash drought. 58 

For instance, Otkin et al. (2016) used the evaporative stress index (ESI) to detect the 59 

onset of the 2012 central USA flash drought, and found the decline in ESI preceded 60 

the drought according to the United States Drought Monitor (Svoboda et al., 2002). 61 

He et al. (2019) assessed the impacts of the 2017 northern USA flash drought (which 62 

also impacted parts of southern Canada) on vegetation productivity based on 63 

GOME-2 solar-induced fluorescence (SIF) and satellite-based evapotranspiration in 64 

the US Northern plains. Otkin et al. (2019) examined the evolution of vegetation 65 

conditions using LAI from MODIS during the 2015 flash drought over the 66 

South-Central United States and found that the LAI decreased after the decline of soil 67 

moisture. Besides, the 2016 flash drought over U.S. northern plains also decreased 68 

agricultural production (Otkin et al., 2018b). However, previous impact studies only 69 

focused on a few extreme flash drought cases without explicit definition of flash 70 

drought events. As the baseline climate is changing (Yuan et al., 2019b), it is 71 

necessary to systematically investigate the response of terrestrial carbon and water 72 

fluxes to flash drought events based on long-term records rather than one or two 73 

extreme cases.  74 

In fact, there are numerous studies on the influence of drought on ecosystem 75 

productivity (Ciais et al., 2005; Stocker et al., 2018; Stocker et al., 2019). It is found 76 

that understanding the coupling of water-carbon fluxes during drought is the key to 77 

revealing the adaptation and response mechanisms of vegetation to water stress 78 
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(Boese et al., 2019; Nelson et al., 2018). Water use efficiency (WUE) is the metric for 79 

understanding the trade-off between carbon assimilation and water loss through 80 

transpiration (Beer et al., 2009; Cowan and Farquhar, 1977; Zhou et al., 2014, 2015), 81 

and it is influenced by environmental factors including atmospheric dryness and soil 82 

moisture limitations (Boese et al., 2019). Although WUE has been widely studied for 83 

seasonal to decadal droughts, few studies have investigated WUE during flash 84 

droughts that usually occur at sub-seasonal time scale (Xie et al., 2016; Zhang et al., 85 

2019). 86 

In this paper, we address the ecological impact of soil moisture flash droughts 87 

through analyzing FLUXNET decade-long observations of CO2 and water fluxes. The 88 

specific goals are to (1) examine the response of carbon and water fluxes to soil 89 

moisture flash droughts from the onset to the recovery stages, and (2) investigate how 90 

WUE changes during soil moisture flash drought for different ecosystems. The 91 

methodology proposed by Yuan et al. (2019b) enables the analysis of the flash 92 

drought with characteristics of duration, frequency, and intensity in the historical 93 

observations. All the flash drought events occurred at the FLUXNET stations are 94 

selected to investigate the response of carbon fluxes and WUE. More than 10-year 95 

records of soil moisture, carbon and water fluxes are available (Baldocchi et al., 2002), 96 

which makes it possible to assess the response of vegetation to flash droughts by 97 

considering different climates and ecosystem conditions.  98 

2. Data and Methods 99 

2.1 Data 100 

域代码已更改
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FLUXNET2015 provides daily hydrometeorological variables including 101 

precipitation, temperature, saturation vapor pressure deficit (VPD), soil moisture (sm), 102 

shortwave radiation (SW), evapotranspiration (ET) inferred from latent heat, and 103 

carbon fluxes including GPP and net ecosystem productivity (NEP). We use GPP data 104 

based on night-time partitioning method (GPP_NT_VUT_REF). Considering most 105 

sites only measure the surface soil moisture, here we use daily soil moisture 106 

measurements mainly at the depth of 5-10 cm averaged from half-hourly data. Soil 107 

moisture observations are usually averaged over multiple sensors including time 108 

domain reflectometer (TDR), frequency domain reflectometer (FDR), and water 109 

content reflectometer etc. However, the older devices may be replaced with newer 110 

devices at certain sites, which may decrease the stability of long-term soil moisture 111 

observations and the average observation error of soil moisture is ±2%. All daily 112 

hydrometeorological variables and carbon fluxes are summed to 8-day time scale to 113 

study the flash drought impact. We selectT here are 34 sites from FLUXNET 2015 114 

dataset (Table 1) consisting of 8 vegetation types, where the periods of observations 115 

are no less than 10 years ranging from 1996 to 2014, and the rates of missing data are 116 

lower than 5%. Here we only select Tthe FLUXNET observations includeing 12 117 

evergreen needleleaf forest sites (ENF), 5 deciduous broadleaf forests (DBF) and, 6 118 

crop sites (CROP; 5 rain-fed sites and 1 irrigated site), 3 mixed forests (MF), and 3 119 

savannas (SAV). etc The sites for grasslands, evergreen broadleaf forests, and 120 

shrublands are excluded because there are less than 10 soil moisture flash drought 121 

events. The vegetation classification is according to International 122 
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Geosphere-Biosphere Program (IGBP; Belward et al., 1999), where MF is dominated 123 

by neither deciduous nor evergreen tree type with tree cover larger than 60% and the 124 

land tree cover is 10-30% for SAV. The detailed information is listed in Table 1. Here 125 

we select three flash drought cases at different ecosystems including ENF (FI-Sod 126 

site), savanna (SAV; US-SRM site) and DBF (IT-Col site) to show the response of 127 

vegetation to flash droughts. 128 

 129 

2.2 Methods 130 

2.2.1 Definition of soil moisture flash drought events 131 

The definition of soil moisture flash drought should account for both its rapid 132 

intensification and the drought conditions (Otkin et al., 2018a; Yuan et al., 2019b). 133 

Here we used soil moisture percentile to identify soil moisture flash drought 134 

according to Yuan et al. (2019b) and Ford et al. (2017). Figure 1 shows the procedure 135 

for soil moisture flash drought identification, including five criteria to identify the 136 

rapid onset and recovery stages of soil moisture flash drought. 1) Soil moisture Fflash 137 

drought starts at the middle day of the 8-day period when the 8-day mean soil 138 

moisture is less than the 40
th

 percentile, and the 8-day mean soil moisture prior to the 139 

starting time should be higher than 40
th

 percentile to ensure the transition from a 140 

non-drought condition. 2) The mean decreasing rate of 8-day mean soil moisture 141 

percentile should be no less than 5% per 8 days to address the rapid drought 142 

intensification. 3) The 8-day mean soil moisture after the rapid decline should be less 143 

than 20% in percentile, and the period from the beginning to the end of the rapid 144 
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decline is regarded as the onset stage of soil moisture flash drought (those within red 145 

dashed line in Figure 1). 4) If the mean decreasing rate is less than 5% in percentile or 146 

the soil moisture percentile starts to increase, the soil moisture flash drought enters 147 

into the “recovery” stage, and the soil moisture flash drought event (as well as the 148 

recovery stage) ends when soil moisture recovers to above 20
th

 percentile (those 149 

within blue dashed line in Figure 1). The recovery stage is also crucial to assess the 150 

impact of soil moisture flash drought (Yuan et al., 2019b). 5) The minimum duration 151 

of a flash drought event is 24 days to exclude those dry spells that last for a too short 152 

period to cause any impacts, and the maximum duration is limited to 2 months to 153 

separate flash droughts from traditional droughts (e.g., seasonal droughts)..  154 

At least Ddecade-long observations of 8-day mean soil moisture are used to 155 

calculate soil moisture percentile with a moving window of 8-day before and 8-day 156 

after the target 8-day, resulting in at least 30 samples for deriving the cumulative 157 

distribution function of soil moisture before calculating percentiles. Besides, the target 158 

8-day soil moisture percentiles are only based on the target 8-day soil moisture in the 159 

context of the expanded samples. For example, the soil moisture percentile of June 160 

22
nd

 in 1998 is calculated by firstly ranking June 14
th

, June 22
nd

, and June 30
th 

soil 161 

moisture in all historical years (N samples) from lowest to highest, identifying the 162 

rank of soil moisture of June 22
nd

, 1998 (e.g., M), and obtaining the percentile as 163 

M/N*100. We focus on growing seasons during April-September for sites in the North 164 

Hemisphere and October-March for sites in the South Hemisphere.  165 

2.2.2 Response time of GPP to soil moisture flash drought 166 
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Drought has a large influence on ecosystem productivity through altering the plant 167 

photosynthesis and ecosystem respiration (Beer et al., 2010; Green et al., 2019; 168 

Heimann & Reichstein, 2008; Stocker et al., 2018). GPP dominates the global 169 

terrestrial carbon sink and it would decrease due to stomatal closure and non-stomatal 170 

limitations like reduced carboxylation rate and reduced active leaf area index (de la 171 

Motte et al., 2019) under water stress. The negative anomalies of GPP during soil 172 

moisture flash drought are considered as the signalonset of ecological 173 

deteriorationresponse. Here, we use two response time indices to investigate the 174 

relationship between soil moisture flash drought and ecological drought (Crausbay et 175 

al., 2017; Niu et al., 2018; Song et al., 2018; Vicente-Serrano et al., 2013): 1) the 176 

response time of the first occurrence (RT) of negative standardized GPP anomaly 177 

(SGPPA=
𝐺𝑃𝑃−𝜇𝐺𝑃𝑃

𝜎𝐺𝑃𝑃
, where 𝜇𝐺𝑃𝑃 and 𝜎𝐺𝑃𝑃  are mean and standard deviation of the 178 

time series of GPP at the same dates as the target 8-days for all years, which can 179 

remove the influence of seasonality. For instance, all Apr 1-8 during 1996-2014 would 180 

have a 𝜇𝐺𝑃𝑃 and a 𝜎𝐺𝑃𝑃  based on a climatology same as soil moisture percentile 181 

calculation which consists of March 24-31, Apr 1-8, and Apr 9-16 in all years, and 182 

Apr 9-16 would have another 𝜇𝐺𝑃𝑃 and another 𝜎𝐺𝑃𝑃 , and so on), which is the lag 183 

time between the start of flash drought and the time when SGPPA becomes negative 184 

during flash drought period; and 2) the response time of occurrence of minimum 185 

SGPPA (RTmin), which is the lag time between the start of flash drought and the time 186 

when SGPPA decreases to its minimum values during the flash drought period. If the 187 

response time is 8 days for the first occurrence of negative SGPPA, it means that the 188 
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response of GPP starts at the beginning of flash drought (the first time step of flash 189 

drought). Considering flash drought is identified through surface soil moisture due to 190 

the availability of FLUXNET data, vegetation with deeper roots may obtain water in 191 

deep soil and remain healthy during flash drought. The roots vary among different 192 

vegetation types and forests are assumed to have deeper roots than grasslands, which 193 

may influence the response to soil moisture flash droughts. 194 

2.2.3 Water use efficiency  195 

Carbon assimilation and transpiration are coupled by stomates under the 196 

influence of water and energy conditionsavailability (Boese et al., 2019; Huang et al., 197 

2016; Nelson et al., 2018). Plants face a tradeoff at the level of the stomata to fix 198 

carbon through photosynthesis at the cost of water losses through transpiration. WUE 199 

quantifies the trade-off, which is defined as the assimilated amount of carbon per unit 200 

of water loss. At the ecosystem scale, WUE is the ratio of GPP over ET (Cowan and 201 

Farquhar, 1977). Drought would cause stomatal closure and non-stomatal adjustments 202 

in biochemical functions thus altering the coupling between GPP and ET. Underlying 203 

WUE (uWUE) is calculated as     √       considering the nonlinear 204 

relationship between GPP, VPD and ET (Zhou et al., 2014). uWUE is supposed to 205 

reflect the relationship of photosynthesis-transpiration via stomatal conductance at the 206 

ecosystem level by considering the effect of VPD on WUE (Beer et al., 2009; Boese 207 

et al., 2019; Zhou et al., 2014, 2015). WUE varies under the influence of VPD on 208 

canopy conductance (Beer et al., 2009; Tang et al., 2006), whereas uWUE is 209 

considered to remove this effect and be more directly linked with the relationship 210 
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between environmental conditions (e.g., soil moisture) and plant conditions (e.g., 211 

carboxylation rate; Lu et al., 2018). The standardized anomalies of WUE and uWUE 212 

are calculated the same as SGPPA, where different sites have different mean values 213 

and standard deviations for different target 8-days to remove the spatial and temporal 214 

inhomogeneity.  215 

2.2.4 The relations between meteorological conditions and GPP 216 

Considering the compound impacts of temperature, radiation, VPD and soil 217 

moisture on vegetation photosynthesis, the partial correlation is used to investigate the 218 

relationship between GPP and each climate factor, with the other 3 climate factors as 219 

control variables as follows: 220 

               221 

 𝑟𝑖𝑗(𝑚1 ,𝑚2…𝑚𝑛)
=

𝑟𝑖𝑗(𝑚1,…𝑚𝑛−1)−𝑟𝑖𝑚𝑛(𝑚1,…𝑚𝑛−1)𝑟𝑗𝑚𝑛(𝑚1,…𝑚𝑛−1)

√(1−𝑟𝑖𝑛(𝑚1,…𝑚𝑛−1)
2 )(1−𝑟𝑗𝑛(𝑚1,…𝑚𝑛−1)

2 )
      (1) 222 

where i represents GPP, j represents the target meteorological variables and 223 

 1,   …       represent the control meteorological variables. 𝑟𝑖𝑗(𝑚1 ,𝑚2…𝑚𝑛)
 is the 224 

partial correlation coefficient between i and j, and 𝑟𝑖𝑗(𝑚1 ,…𝑚𝑛−1), 𝑟𝑖𝑚𝑛(𝑚1 ,…𝑚𝑛−1) and 225 

𝑟𝑗𝑚𝑛(𝑚1 ,…𝑚𝑛−1) are partial correlation coefficients between i and j, i and   , j and 226 

   respectively under control of  1,   …      −1. 227 

3. Results 228 

3.1 Identification of flash drought events at FLUXNET stations 229 

Based on FLUXNET data, we have identified 1651 soil moisture flash drought 230 

events with durations longer than or equal to 24 days using soil moisture observations 231 

of 428 371 site years. Figure 2a shows the distribution of the 34 29 sites with different 232 
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vegetation types, which are mainly distributed over North America and Europe. The 233 

number of soil moisture flash drought rangeeds from 13 to 7012 events among 234 

FLUXNET sitesdifferent vegetation types, and the mean durations were from around 235 

30 days to 60 days among FLUXNET sites (Figures 2b and 2c). There are 12 ENF 236 

sites in this study, and the number of soil moisture flash droughts for ENF (70) is the 237 

most among all the vegetation types.  The duration for flash drought events ranges 238 

from 24 days to several months. In some extreme cases, the flash droughts would 239 

develop into long-term droughts without enough rainfall to alleviate drought 240 

conditions. Mean durations of soil moisture flash droughts for different vegetation 241 

types range from around 30 days to 50 days (Figure 2c). The frequency of flash 242 

drought shows great spatial heterogeneity which may be associated with variability of 243 

soil moisture. If enough rainfall comes after the flash drought, the soil moisture could 244 

recover to above 20% percentile. Without enough rainfall for recovery, flash drought 245 

would ultimately develop into longer and more severe drought (Wang and Yuan, 246 

2018).  247 

Figure 3 shows the meteorological conditions during different stages of soil 248 

moisture flash drought including the standardized anomalies of temperature, 249 

precipitation, VPD, and and ET shortwave radiation and soil moisture 250 

percentiles.during different stages of flash drought. Here the onset and recovery 251 

stages of flash droughts refer to certain periods characterized by the soil moisture 252 

decline rates. The standardized anomalies of temperature, precipitation, VPD, and 253 

shortwave and soil moisture percentiles are composited to show the meteorological 254 
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conditions during different stages of flash droughts. There is a slight reduction in 255 

precipitation and increase in ET during 8 days prior to soil moisture flash drought 256 

(Figure 3b&d). During the onset of soil moisture flash drought, soil moisture 257 

percentiles decline rapidly from nearly 50% during 8 days before flash drought to 18% 258 

during onset stages (Figure 3e).  Ththe rapid drying of soil moisture is always 259 

associated with a large precipitation deficits, and anomalously high temperature and 260 

shortwave radiation and large VPD indicate increased atmospheric dryness (Ford et 261 

al., 2017; Koster et al., 2019; Wang et al., 2016), which persist until the recovery 262 

stage except for shortwave radiation. ET is close to normal conditions thus enhancing 263 

the drying rate of soil moisture with less precipitation supply during the onset stage 264 

(Figure 3b&d). However, ET starts to decrease during the recovery stage because of 265 

the limitation from water availability, which alleviates the drought condition. The soil 266 

moisture percentiles are averaged during the onset and recovery stages and the soil 267 

moisture percentiles during recovery stages are slightly lower than those during onset 268 

stages (Figure 3e) considering the soil moisture is not quite dry during the early 269 

period of onset stages. Sufficient precipitation occurs during the 8 days after soil 270 

moisture flash droughts to relieve the drought condition and soil moisture percentiles 271 

increase from 12% during recovery stages to 36% during 8 days after flash droughts.  272 

3.2 Evolutions of carbon and water fluxes during flash drought events 273 

Figure 4 shows the evolutions of soil moisture percentile, standardized GPP and 274 

ET anomalies during the flash droughts occurred in 2003 at FI-Sod site (Ciais et al., 275 

2005), 2004 at US-SRM site and 2007 at IT-Col site.  276 
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FI-Sod is covered by northern boreal Scots pine with mean annual temperature of 277 

-1℃(Thum et al., 2007). 2003 summer drought over Europe accompanied by heat 278 

wave caused enormous carbon losses with 30% reduction in GPP (Ciais et al., 2005), 279 

and the drought outweighed heat wave for influencing the ecosystem (Reichstein et al., 280 

2007). The 2003 flash drought at FI-Sod occurred in the late of June and ended in the 281 

early July although the soil moisture condition was still below the climatology (Figure 282 

4a). During the 24-day flash drought, GPP and ET respond quickly to the rapid soil 283 

moisture drying and recover to their normal conditions as soon as the drought relieves 284 

(Figures 4b and 4c), which shows the resilience of evergreen needleleaf forest to 285 

short-term drought. Negative ET anomaly (Figure 4c) precedes the onset of soil 286 

moisture drought, indicating that the flash drought is mainly caused by rainfall deficit 287 

(Figure 4a). 288 

US-SRM site is in dry land savanna. Savanna covers 20% of the global land area 289 

(Sankaran et al., 2005), and influences the terrestrial carbon sink significantly 290 

(Ahlstrom et al., 2015). Soil moisture plays a crucial role in regulating carbon and 291 

water fluxes in savanna regions (Scott et al., 2009; Williams & Albertson, 2004; Wolf 292 

et al., 2016), and there is a large variability of soil moisture at US-SRM. Soil moisture 293 

percentile declined from 33% to 5% in 8 days and stayed below 20% for 8 days 294 

(Figure 4d). The rapid decline in soil moisture is mainly from rainfall deficits because 295 

the evapotranspiration process is limited by soil water in semiarid savanna region. 296 

GPP and ET both decrease with the decline in soil moisture (Figures 4e and 4f), and 297 

the negative anomalies persist even after the flash drought. As there is not enough 298 
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rainfall to alleviate soil moisture drought, the vegetation damage continues (Figure 299 

4e).  300 

The flash drought lasted for 56 days in 2007 at IT-Col site and propagated into a 301 

long-term drought due to the persistence of precipitation deficits. IT-Col is in 302 

deciduous broadleaf forest with relatively humid climate (Van Dijkc & Dolman, 2004). 303 

There is a lag time of 8 days between the responses of GPP and ET to flash drought 304 

(Figures 4h and 4i), which is because that the positive evapotranspiration anomaly at 305 

the onset of flash drought (30
th

 in June) is driven by higher temperature and VPD. 306 

GPP and ET are below the climatology during flash drought, indicating the 307 

degradation in vegetation under water stress. The whole reduction of ET during flash 308 

drought is relatively small compared with GPP, indicating the decoupling between 309 

water and carbon fluxes.   310 

In short, both GPP and ET fluxes reduce rapidly in responding to the sharp 311 

decline in soil moisture, although the reduction depends on environmental conditions 312 

and vegetation characteristics ( Vicente-Serrano et al., 2013).  313 

3.32 Climatological statistics of the response time of GPP to flash drought  314 

By analyzing all the 1651 soil moisture flash drought events across 3429 315 

FLUXNET sites, we find that negative GPP anomalies occur during 81% of the soil 316 

moisture flash drought events. Figure 4 shows the probability distributions of the 317 

response time of GPP to soil moisture flash drought as determined by soil moisture 318 

reductions for the first occurrence of negative SGPPA, the minimum negative value of 319 

SGPPA and the minimum soil moisture percentiles for different vegetation types, 320 
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respectively. To reduce the uncertainty due to small sample sizes, only the results for 321 

vegetation types (SAV, CROP, MF, DBF, ENF) with more than 10 flash drought 322 

events are shown. Figures 5a and 5b show the probability distributions of the response 323 

time of GPP to flash drought for the first occurrence of negative SGPPA and the 324 

minimum negative value of SGPPA, respectively. For soil moisture flash droughts 325 

from all vegetation types, Tthe first occurrences of negative SGPPA are concentrated 326 

during the first 24 days, and for 57% flash droughts, GPP starts to respond to soil 327 

moisture flash drought within 16 days for 57% flash droughts (Figures 54a-e). The 328 

occurrences of minimum value of SGPPA rise sharply at the beginning of soil 329 

moisture flash drought, and reach the peak during 17-24 days, and then slow down 330 

(Figures 54f-jb), which is similar to the decline in soil moisture. Although the first 331 

occurrences of negative SGPPA mainly occur in the onset stage, GPP would continue 332 

to decrease in the recovery stages for 60% of soil moisture flash drought events. The 333 

time for soil moisture reaching its minimum is concentrated during 9-16 days since 334 

the occurrence of flash drought, preceding the minimum GPP by about 8 days. Large 335 

decreases in soil moisture percentiles are during the first 16 days of flash drought 336 

(Figure 5c), while large decrease in GPP occurs during 9-24 days (Figure 5d). 337 

Different types of vegetation including herbaceous plants and woody plants all 338 

react to soil moisture flash drought in the early stage (Figuress 64a-e). Among them, 339 

savanna SAV shows the fastest reaction to water stress (Figures 46a and &64f), 340 

withand the RT is within 8 days for 63% events , showing suggesting that vegetation 341 

SAV responseds concurrently with soil moisture flash drought onset. and uUltimately, 342 
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88% events for SAV showing impaired reduced vegetation photosynthesis. The result 343 

is consistent with previous studies regarding the strong response of semi-arid 344 

ecosystems to water availability (Gerken et al., 2019; Vicente-Serrano et al., 2013; 345 

Zeng et al., 2018), and the decline in GPP for SAV is related to isohydric behaviors 346 

during soil moisture drought and higher VPD, through closing stomata to decrease 347 

water loss as transpiration and carbon assimilation (Novick et al., 2016; Roman et al., 348 

2015). the high vulnerability of vegetation in semiarid regions (Vicente-Serrano et al., 349 

2013; Zeng et al., 2018). For ENF, only 27% of soil moisture flash droughts cause the 350 

negative SGPPA during the first 8 days. When RT is within 40 days, the cumulative 351 

frequencies range from 74% to 88% among different vegetation types. The response 352 

frequency of RTmin and the response time of minimum soil moisture percentiles are 353 

quite similar, although there are discrepancies among the patterns of the response 354 

frequency for different vegetation types. The response frequency of RTmin for SAV 355 

increases sharply during 17-24 days of soil moisture flash droughts (Figure 4f). GPP 356 

is derived from direct eddy covariance observations of NEP and nighttime terrestrial 357 

ecosystem respiration, and temperature-fitted terrestrial ecosystem respiration during 358 

daytime. The response of NEP to flash droughts shows the compound effects of 359 

vegetation photosynthesis and ecosystem respiration. In terms of RT, the response of 360 

NEP is slower than GPP for SAV, but is quicker for DBF and ENF (Figure 5). The 361 

discrepancies between NEP and SM in terms of RTmin are more obvious than those 362 

between GPP and SM, and the RTmin of NEP is much shorter than the RTmin of soil 363 

moisture especially for DBF and ENF, which may be related to the increase of 364 
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ecosystem respiration (Figures 5 i and j).  365 

Figure 6 shows the temporal changes of SGPPA and soil moisture percentiles 366 

during 8 days before soil moisture flash droughts and during the first 24 days of the 367 

droughts. During 8 days before flash droughts, there is nearly no obvious decline for 368 

SGPPA, while SAV, DBF and ENF shows small increase in GPP. The decline in 369 

SGPPA is more significant during the first 9-24 days of soil moisture flash droughts 370 

for different vegetation types, and SGPPA for SAV and CROP show quicker decline 371 

even during the first 8 days of soil moisture flash droughts. The decline rates in soil 372 

moisture are mainly concentrated within the first 16 days of flash droughtsshow 373 

differences among different vegetation types during flash drought, which are related 374 

to soil texture, vegetation cover and climates. There are various lag times for the 375 

response of GPP to the decline in soil moisture among different vegetation. 376 

3.43 WUEThe coupling between carbon and water fluxes under soil moisture 377 

stress 378 

Figure 7 shows the standardized anomalies of WUE and uWUE and their 379 

components for different ecosystems during 8 days before and after soil moisture 380 

flash droughts and the onset and recovery stages of flash drought. Evergreen 381 

broadleaf forest (EBF) and grassland (GRA) were excluded due to insufficient flash 382 

drought cases. Here, we select 81% of soil moisture flash drought events with GPP 383 

declining down to its normal conditions to analyze the interactions between carbon 384 

and water fluxes, while GPP during the remaining 19% of soil moisture flash drought 385 

events may stay stable and is less influenced by drought conditions. During 8 days 386 
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before soil moisture flash drought, WUE and uWUE are generally close to the 387 

climatology (Figure 7a) and there are no significant changes in GPP, ET, and 388 

   √    (Figures 7e and 7i). However, the median value of SGPPA for SAV is 389 

positive (Figure 7e). WUE is stable during the onset stage except for croplands and 390 

mixed forests (MF), whereas uWUE increases for all ecosystems except for CROP 391 

(Figure 7ba). For croplandsCROP, both GPP and ET decrease, and the decline in 392 

WUE is related with a greater reduction in GPP relative to ET (Figure 7cf a&nd 7ej). 393 

The positive anomalies of uWUE are correlated with decrease in    √    mainly 394 

induced by the high VPD. Increasing VPD and deficits in soil moisture would 395 

decrease canopy conductance (Grossiord et al., 2020) but not GPP for MF and ENF. 396 

During the onset stage, GPP and ET reduce only for SAVsavannas, and 397 

CROPcroplands, and DBF, and the magnitudes of GPP and ET reduction are highest 398 

for SAVsavannas. ET is close to normal conditions for MF, DBF, and ENF, thus 399 

enhancing the drying rate of soil moisture with less precipitation supply during the 400 

onset stage. But forduring recovery stage of soil moisture flash drought, GPP and ET 401 

show significant reductions except for MF (Figures 7g and 7k), and the responses of 402 

WUE and uWUE are different between herbaceous plants (SAVsavannas  and 403 

croplandsCROP) and forests (MF, DBF, and ENF), where WUE and uWUE decrease 404 

significantly for savannas SAV and croplands CROP but increase slightly for forests 405 

(Figure 7cb). The decrease in uWUE for SAV and CROP during recovery stages 406 

indicates that SAV and CROP are likely brown due to carbon starvation caused by the 407 

significant decrease in stomatal conductance (McDowell et al., 2008). The decrease in 408 
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GPP during recovery stage is not only related to the reduction in canopy conductance, 409 

but also the decrease in uWUE under drought for SAVsavannas and CROPcroplands 410 

which is possibly influenced by suppressed state of enzyme and reduced mesophyll 411 

conductance (Flexas et al., 2012). However, the positive anomalies of uWUE for DBF 412 

and ENF during the recover stage imply that the decline in GPP mainly results from 413 

the stomata closure. ET starts to decrease during the recovery stage due to the 414 

limitation of water availability, and the decreasing ET also reflects the enhanced water 415 

stress for vegetation during the recovery stage. The average soil moisture conditions 416 

are 112% in percentile for recovery stage but 18% for onset stage. So, drier soil 417 

moisture in the recovery stage exacerbates ecological response. Figure 7bc also shows 418 

the higher WUE and uWUE for forests, which indicates their higher resistance to 419 

flash drought than herbaceous plants during recovery stage. During 8 days after flash 420 

drought, the standardized anomalies of uWUE are still positive for forests, whereas 421 

SGPPA and ET are both lower than the climatology for all ecosystems. The ecological 422 

negative effect would persist after the soil moisture flash drought.   423 

3.4 The impact of climate factors on GPP during soil moisture flash drought 424 

Figure 8 shows the partial correlation coefficients between standardized 425 

anomalies of GPP and meteorological variables and soil moisture percentiles during 426 

different stages of soil moisture flash droughts. The correlation between climate 427 

factors and GPP is not statistically significant during 8 days before soil moisture flash 428 

droughts. During onset stages of soil moisture flash droughts, the partial correlation 429 

coefficients between SGPPA and soil moisture percentiles are 0.44, 0.49 and 0.29, 430 
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respectively for SAV, CROP, and ENF (p<0.05). Besides, shortwave radiation is 431 

positively correlated with SGPPA for MF, DBF, and EBF (Figure 8b) during onset 432 

stages and the positive anomalies of shortwave radiation could partially offset the loss 433 

of vegetation photosynthesis due to the deficits in soil moisture. SGPP is also 434 

positively correlated with temperature during onset stages for SAV and DBF. The 435 

partial correlation coefficients between SGPPA and VPD are -0.53 and -0.22 436 

respectively for DBF and ENF, and the higher VPD would further decrease GPP 437 

during onset stages. The influence of VPD on GPP is much more significant during 438 

recovery stages and 8 days after. SGPPA is positively correlated with soil moisture 439 

and negatively with VPD for SAV both during recovery stages and 8 days after.  440 

4. Discussion 441 

Previous studies detected the vegetation response for a few extreme drought cases 442 

without a specific definition of flash drought from a climatological perspective (Otkin 443 

et al., 2016; He et al., 2019). Moreover, less attention has been paid to the coupling 444 

between carbon and water fluxes during soil moisture flash drought events. This study 445 

investigates the response of carbon and water fluxes to soil moisture flash drought 446 

based on decade-long FLUXNET observations during different stages of flash 447 

droughts. The responses vary across different phases of flash drought, and different 448 

ecosystems have different responses, which provide implications for eco-hydrological 449 

modeling and prediction. Besides, the influence of different climate factors including 450 

VPD and soil moisture also differs during different stages of soil moisture flash 451 

droughts. 452 
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4.1 The responses of carbon and water fluxes to flash droughts  453 

Based on 1651 soil moisture flash drought events identified using soil moisture 454 

from decade-long FLUXNET observations, the response of GPP to flash drought is 455 

found to be quite rapid. For more than half of the 1651 soil moisture flash drought 456 

events, the GPP drops below its normal conditions during the first 16 days and 457 

reaches its maximum intensity reduction within 24 days. Due to the influence of 458 

ecosystem respiration, the responses of NEP for DBF and ENF to flash droughts are 459 

much quicker than GPP, implying that the sensitivity of ecosystem respiration is less 460 

than that of vegetation photosynthesis (Granier et al., 2007). Eventually, 81% of soil 461 

moisture flash drought events cause negative ecological impacts on declines in GPP. 462 

During the drought period, plants would close their stomata to minimize water loss 463 

through decreasing canopy conductance, which in turn leads to a reduction in carbon 464 

uptake. High VPD further reduces canopy conductance during soil moisture flash 465 

drought. The suppression of GPP and ET is more obvious for flash drought recovery 466 

stage determined by soil moisture than the onset stage. The discrepancy of GPP 467 

responses between different phases of soil moisture flash drought may result from 1) 468 

soil moisture conditions which are drier during the recovery stage, and 2) the 469 

damaged physiological functioning for specific vegetation types. The anomalies of 470 

uWUE for ecosystems are always positive or unchanged during soil moisture flash 471 

drought except for croplands and savannas during recovery stage. The decrease in 472 

canopy conductance would limit photosynthetic rate, however, the increase of uWUE 473 

may indicates adaptative regulations of ecosystem physiology which is consistent 474 
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with Beer et al. (2009). uWUE is higher than WUE during onset stage of soil moisture 475 

flash drought, which is due to the decreased conductance under increased VPD. 476 

However, there is no obvious difference between WUE and uWUE during recovery 477 

stage, which indicates that photosynthesis is less sensitive to stomatal conductance 478 

and may be more correlated with limitations of biochemical capacity (Flexas et al., 479 

2012; Grossiord et al., 2020). During 8 days after the soil moisture flash drought, the 480 

anomalies of GPP and ET are still negative, indicating that the vegetation does not 481 

recover immediately after the soil moisture flash drought. The legacy effects of flash 482 

droughts may be related to the vegetation and climate conditions (Barnes et al., 2016; 483 

Kannenberg et al., 2020).  484 

This study is based on the sites that are mainly distributed over North America 485 

and Europe. It is necessary to investigate the impact of flash drought on vegetation 486 

over other regions with different climates and vegetation conditions. In addition, this 487 

study used in-situ surface soil moisture at FLUXNET stations to detect vegetation 488 

response due to the lack of soil moisture observations at deep soil layers. There would 489 

be more significant ecological responses to flash drought identified through using 490 

root-zone soil moisture because of its close link with vegetation dynamics. Due to the 491 

limitation of FLUXNET soil moisture measurements, here we used soil moisture 492 

observations mainly at the depths of 5 to 10 cm. We also analyzed the response of 493 

GPP to flash drought identified by 0.25-degree ERA5 soil moisture reanalysis data at 494 

the depths of 7cm and 1m. The response of GPP to flash droughts identified by 495 

FLUXNET surface soil moisture are quite similar to those identified by ERA5 soil 496 
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moisture at the depth of 1m (not shown). There are less GPP responses to flash 497 

droughts identified by ERA5 surface soil moisture. Although we select the ERA5 grid 498 

cell that is closest to the FLUXNET site and use the ERA5 soil moisture data over the 499 

same period as the FLUXNET data, we should acknowledge that the gridded ERA5 500 

data might not be able to represent the soil moisture conditions as well as flash 501 

droughts at in-situ scale due to strong heterogeneity of land surface. Therefore, the 502 

in-situ surface soil moisture from FLUXNET is useful to identify flash droughts 503 

compared with reanalysis soil moisture, although the in-situ root-zone soil moisture 504 

would be better.   505 

4.2 Variation in ecological responses across vegetation types 506 

The responses of GPP, ET and WUE to soil moisture flash drought vary among 507 

different vegetation types. The decline in GPP and ET only occurs across croplands 508 

and savannas during onset stage. For most forests, the deterioration of photosynthesis 509 

and ET appears during the recovery stage with higher WUE and uWUE. For 510 

CROPcroplands and SAVsavannas, both WUE and uWUE decrease during the 511 

recovery stage and they may be brown due to reduced photosynthesis. The positive 512 

anomalies of WUE and uWUE for forests showsuggest that the adaptation of 513 

vegetation to flash drought from physiological perspective their deeper roots can 514 

obtain more water than grasslands during flash drought. Xie et al. (2016) pointed out 515 

that WUE and uWUE for a subtropical forest increased during the 2013 summer 516 

drought in southern China. The increased WUE in forest sites and unchanged WUE in 517 

grasslands were also found in other studies for spring drought (Wolf et al., 2013). In 518 
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general, herbaceous plants are more sensitive to flash drought than forests, especially 519 

for savannas. The correlation between soil moisture and GPP is more significant for 520 

SAV, CROP, and ENF during onset stages of flash droughts, which is consistent with 521 

the strong response to water availability of SAV and CROP (Gerken et al., 2019). SAV 522 

is more isohydric than forests and would reduce stomatal conductance immediately to 523 

prohibit water loss that further exacerbates drought (Novick et al., 2016; Roman et al., 524 

2015). However, almost all vegetation types show high sensitivity to VPD during the 525 

recovery stage of flash droughts. 526 

4.3 Potential implications for ecosystem modelling 527 

The study reveals the profound impact of soil moisture flash droughts on 528 

ecosystem through analyzing eddy covariance observations. It is found that the 529 

responses of carbon and water exchanges are quite distinguishing for forests and 530 

herbaceous plants. For the ecosystem modeling, the response of stomatal conductance 531 

under soil moisture stress has been addressed in previous studies (Wilson et al., 2000), 532 

but there still exists deficiency to capture the impacts of water stress on carbon uptake 533 

(Keenan et al., 2009), which is partly due to the different responses across species. 534 

Incorporating physiological adaptations to drought in ecosystem modeling especially 535 

for forests would improve the simulation of the impact of drought on the terrestrial 536 

ecosystems.  537 

5. Conclusion 538 

This study presents how carbon and water fluxes respond to soil moisture flash 539 

drought during 8 days before flash droughts, onset and recovery stages, and 8 days 540 
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after flash droughts through analyzing decade-long observations from FLUXNET. 541 

Ecosystems show high sensitivity of GPP to soil moisture flash drought especially for 542 

savannas, and GPP starts to respond to soil moisture flash droughts within 16 days for 543 

more than half of the flash drought events under the influence of the deficit in soil 544 

moisture and higher VPD. However, the responses of WUE and uWUE vary across 545 

vegetation types. Positive WUE and uWUE anomalies for forests during the recovery 546 

stage indicate the physiological adaptationresistance to soil moisture flash drought 547 

through non-stomatal regulations, whereas WUE and uWUE decrease for croplands 548 

and savannas during the recovery stage. For now, the main concern about the 549 

ecological impact of soil moisture flash drought is concentrated on the period of flash 550 

drought and the legacy effects of flash drought are not involved. It still needs more 551 

efforts to study the subsequent effects of soil moisture flash droughts which would 552 

contribute to assessing the accumulated ecological impacts of flash drought. 553 

Nevertheless, this study highlights the rapid response of vegetation productivity to 554 

soil moisture dynamics at sub-seasonal timescale, and different responses of water use 555 

efficiency across ecosystems during the recovery stage of soil moisture flash droughts, 556 

which complements previous studies on the sensitivity of vegetation to extreme 557 

drought at longer time scale. Understanding the response of carbon fluxes and the 558 

coupling between carbon and water fluxes to drought, especially considering the 559 

effects of climate change and human interventions (Yuan et al., 2020), might help 560 

assessing the resistance and resilience of vegetation to drought. 561 

  562 
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 887 

Figure 1. A flowchart of flash drought identification by considering soil moisture 888 

decline rate and drought persistency. 889 
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 891 

Figure 2. Flash drought characteristics. (a) Global map of 2934 FLUXNET sites used 892 

in this study (a) and flash drought characteristics (b&c). (b) (b) Total numbers (events) 893 

and (cc) mean durations (days) of flash drought events for each site each vegetation 894 

type during their corresponding periods (see Table 1 for details). Different colors 895 

represent different vegetation types.  896 
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Figure 3. Standardized 8-day anomalies of (a) temperature, (b) precipitation, (c) VPD, 899 

and (d) ETshort wave radiation (SW), and (e) soil moisture (SM) percentiles during 8 900 

days prior to flash drought onset, onset and recovery stages of flash drought, and 8 901 

days after flash drought.  902 
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 903 

Figure 4. Time series of soil moisture percentile (top panels), standardized gross 904 

primary productivity (GPP) anomaly (middle panels) and standardized 905 

evapotranspiration (ET) anomaly (bottom panels) for the 2003 drought at FI-Sod 906 

station, 2004 drought at US-SRM station and 2007 drought at IT-Col station. Red 907 

lines are the time series in the target year, and black lines are the climatology 908 

(long-term mean values). The red bars are precipitation deficits in top panels and 909 

temperature anomalies in bottom panels, where data with positive precipitation 910 

anomaly or negative temperature anomaly are not shown. The blue and pink shaded 911 

areas are the onset and recovery stages of flash drought events, respectively. 912 

带格式的: 字体: 小四, 加粗



50 
 

 913 

Figure 5. Response of carbon fluxes to flash droughts. (a) Percentage of the response 914 

time of the first occurrence of negative GPP anomaly and (b) the minimum values of 915 

GPP (red bars) and soil moisture (blue bars) during flash droughts. The temporal 916 

change rates of (c) soil moisture percentiles and (d) standardized GPP anomalies 917 

before and during flash droughts.  918 
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 920 

Figure 64. Percentage of the response time (days) of the first occurrence of negative 921 

GPP anomaly (a-e), minimum GPP anomaly and minimum soil moisture percentile 922 

(f-j) during soil moisture flash drought for different vegetation types. SAV: savanna, 923 

CROP: rainfed cropland, MF: mixed forest, DBF: deciduous broadleaf forest and 924 

ENF: evergreen needleleaf forest.  925 
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 926 

Figure 5. The same as Figure 4, but for net ecosystem productivity (NEP).   927 
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 928 

Figure 6. The temporal change rates of standardized GPP anomalies (a-e) and soil 929 

moisture percentiles (f-j) for different vegetation types. SAV: savanna, CROP: rainfed 930 

cropland, MF: mixed forest, DBF: deciduous broadleaf forest and ENF: evergreen 931 

needleleaf forest.  932 
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934 

Figure 7. Standardized anomalies of water use efficiency (WUE), underlying WUE 935 

(uWUE), GPP, ET and    √    during 8 days before flash drought onset, onset 936 

and recovery stages of flash drought events, and 8 days after flash drought. SAV: 937 

savanna; CROP: cropland; MF: mixed forest; DBF: deciduous broadleaf forest; ENF: 938 

evergreen needleleaf forest.  939 
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 940 

Figure 8. The partial correlation coefficients between GPP and soil moisture (SM), 941 

shortwave radiation (SW), temperature (Temp) and vapor pressure deficit (VPD) for 942 

different vegetation types including savannas (SAV), rain-fed croplands (CROP), 943 

mixed forests (MF), deciduous broadleaf forests (DBF), and evergreen needleleaf 944 

forests (ENF) during 8 days before soil moisture flash drought, onset and recovery 945 

stages and 8 days after soil moisture flash drought. * indicates the correlation is 946 

statistically significant at the 95% level. 947 

 948 
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Table 1. Locations, vegetation types and data periods of Flux Tower Sites used in this 949 

study. WSA: woody savanna; CROP: cropland; EBF: evergreen broadleaf forests; MF: 950 

mixed forest; DBF: deciduous broadleaf forest; ENF: evergreen needleleaf forest; 951 

GRA: grassland; SAV: savanna. 952 

station lat lon IGBP period 

AT-Neu 41.12 11.32 GRA 2002-2012 

AU-How -12.49  131.15  WSA 2002-2014 

AU-Tum -35.66  148.15  EBF 2002-2014 

BE-Lon 50.55  4.75  CROP-rainfed 2004-2014 

BE-Vie 50.31  6.00  MF 1997-2014 

CA-Gro 48.22  -82.16  MF 2004-2013 

CA-Oas 53.63  -106.20  DBF 1996-2010 

CA-Obs 53.99  -105.12  ENF 1999-2010 

CA-TP1 42.66  -80.56  ENF 2002-2014 

CA-TP3 42.71  -80.35  ENF 2002-2014 

CA-TP4 42.71  -80.36  ENF 2002-2014 

CH-Lae 47.48  8.37  MF 2005-2014 

CH-Oe2 47.29  7.73  CROP-rainfed 2004-2014 

DE-Geb 51.10  10.91  CROP-rainfed 2001-2014 

DE-Hai 51.08  10.45  DBF 2000-2012 

DE-Kli 50.89  13.52  CROP-rainfed 2005-2014 

DE-Tha 50.96  13.57  ENF 1997-2014 

FI-Hyy 61.85  24.29  ENF 1997-2014 

FI-Sod 67.36  26.64  ENF 2001-2014 

GF-Guy 5.28  -52.92  EBF 2004-2014 

IT-Bci 40.52  14.96  CROP-irrigated 2005-2014 

IT-Col 41.85  13.59  DBF 2005-2014 

IT-Noe 40.61 8.15 SH 2004-2014 

IT-Sro 43.73  10.28  ENF 2000-2012 

NL-Loo 52.17  5.74  ENF 1999-2013 

US-ARM 36.61 -97.49 CROP-rainfed 2003-2013 

US-Blo 38.90  -120.63  ENF 1998-2007 

US-Me2 44.45  -121.56  ENF 2002-2014 

US-MMS 39.32  -86.41  DBF 1999-2014 

US-NR1 40.03  -105.55  ENF 2002-2014 

US-SRM 31.82  -110.87  WSA 2004-2014 

US-UMB 45.56  -84.71  DBF 2002-2014 

US-Wkg 31.74  -109.94  GRA 2005-2014 

ZA-Kru -25.02  31.50  SAV 2000-2010 
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