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A B S T R A C T

Drought, one of the most destructive natural disasters is projected by numerous studies to become more severe
and widespread under climate change. These water limitations will have profound effects on terrestrial systems
across the globe. Yet, most of the existing drought monitoring indices are based on drought stress derived from
environmental conditions rather than ecosystem responses. Here, we propose using a new approach, the
Normalized Ecosystem Drought Index (NEDI), coupled with modified Variable Interval Time Averaging (VITA)
method, to quantify drought severity according to ecosystem transitional patterns with water availability. The
method is inspired by Sprengel’s and Liebig’s Law of the Minimum for plant nutrition. Eddy covariance mea-
surements from 60 AmeriFlux sites that cross 8 International Geosphere–Biosphere Programme (IGBP) vegeta-
tion types were used to validate the use of NEDI coupled to VITA. The results show that NEDI can reasonably
depict both drought stress posed by the environment and drought responses presented by various ecosystems.
Water availability becomes a dominant limiting factor for ecosystem evapotranspiration when NEDI falls below
zero, and normalized evapotranspiration strength generally decreases with decreasing NEDI under this regime.
The widely used self-calibrating Palmer Drought Severity Index (sc-PDSI) and Standardized Precipitation Index
(SPI) have difficulty capturing ecosystem responses to water availability, although they can reasonably represent
drought conditions detected in the environment. The normalization feature employed in NEDI makes it feasible
to compare drought severity over different regions, seasons and vegetation types. The new drought index also
provides a valuable tool for irrigation and water distribution management practices which may enhance water
conservation efforts as drought conditions become more prevalent.

1. Introduction

Drought is one of the most devastating natural disasters that can
cause serious agricultural, economic and social impacts in the world
(Wilhite, 2000). Several studies project increased aridity over land and
more widespread droughts associated with changing climate, which
could have profound impacts on agriculture, ecosystem structure and
function, and human welfare (Mpelasoka et al., 2008; Feyen and
Dankers, 2009; Seager et al., 2007, 2009; Dai, 2011a,b). Therefore, it is
imperative to define more robust drought measures that can objectively
quantify its characteristics, such as onset, severity and duration. Cur-
rent drought measures often label drought into four categories: me-
teorological or climatological drought, agricultural drought, hydro-
logical drought, and socioeconomic drought (Wilhite and Glantz, 1985;

Heim, 2002; Dai, 2011a,b).
Several drought indices have been developed to consider drought

monitoring demands across diverse group of users. Some drought in-
dices define droughts as the departures of soil water balance from
normal conditions, such as the Palmer Drought Severity Index (PDSI)
(Palmer, 1965), the self-calibrating Palmer Drought Severity Index (sc-
PDSI) (Wells et al., 2004) and the Soil Moisture Deficit Index (SMDI)
(Narasimhan and Srinivasan, 2005). Other drought indices define
droughts as the deviations from normal precipitation patterns, such as
the Standardized Precipitation Index (SPI) (McKee et al., 1993), and
fractional decreases in precipitation compared to climatological
averages (Shi et al., 2014; Hoover and Rogers, 2016). The Standardized
Precipitation Evapotranspiration Index (SPEI) includes the effect of
evapotranspiration demand caused by temperature variability into the
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SPI framework, which combines the features in PDSI and SPI (Vicente-
Serrano et al., 2010; Beguería et al., 2014).

These drought indices can serve as useful tools for drought mon-
itoring, although these approaches may only reflect potential drought
stress imposed on an ecosystem rather than actual drought responses.
Thus, such drought indices may miss potential phenological and mor-
phological impacts on ecosystems, since ecosystems can have various
adaptation and acclimation mechanisms in regards to limited water
availability (Lu and Zhuang, 2010; Liu et al., 2011; Starr et al., 2016).
At the canopy scale, stomatal conductance could decrease to reduce
water loss from a water stressed ecosystem (Reichstein et al., 2002;
Ponce Campos et al., 2013). Total leaf area and net primary production
of an ecosystem could be regulated in response to limited water avail-
ability (Huxman et al., 2004; Saleska et al., 2007; Zhao and Running,
2010). This reduction in leaf level physiological activity in evergreen
systems has been observed at least a year following the alleviation of
the water stress (Starr et al., 2016). Water use efficiency was found to
increase with moderate drought and decrease under severe drought (Lu
and Zhuang, 2010).

At the biome scale, a particular ecosystem found at any location has
an assemblage of species that are in their specific ecological niche
(Peterson, 2003), and has experienced climatological conditions like
periodic droughts. These ecosystem responses are able to regulate local
and regional circulation patterns, which could have significant influ-
ence on water cycles (Foley et al., 2003; Levis 2010). Failure to re-
present this type of ecosystem regulation may increase the uncertainty
in quantifying drought characteristics for real time monitoring and
future prediction. In addition to the regulations of soil water avail-
ability, ecosystem water and carbon fluxes are also controlled by at-
mospheric demand for water, indicated by vapor pressure deficit
(Whelan et al., 2013; Novick et al., 2016). Therefore, drought index
development should not only focus on environmental dryness, but also
on ecosystem responses to different limiting factors. Novick et al.
(2016) presented a synthesis analysis of drought effects on ecosystem
responses, but the dryness index used in their study was based on the
ratio of annual potential evapotranspiration and annual precipitation
that represents ecosystem characteristics rather than ecosystem transi-
tional responses.

Here, we propose an ecosystem drought indicator called the
Normalized Ecosystem Drought Index (NEDI) that can measure drought
severity to relate to the effects of ecosystem responses to limited water
availability. The NEDI provides a measure of ecosystem responses to
drought, which is often not discussed in current drought perspectives
(Wilhite and Glantz, 1985). The main difference that distinguishes
NEDI from the existing drought indices is the use of normalized surface
water balance in quantifying drought conditions, which incorporates
ecosystem characteristics in drought severity estimation. With the in-
corporation of these ecosystem characteristics, we hypothesize that the
inclusion of normalization feature can facilitate the inter-comparison of
drought severity across different geographical regions and ecosystem
types. Ecosystem responses to drought are depicted by the measured
changes in normalized evapotranspiration strength (hereafter K) de-
fined as the ratio between actual evapotranspiration (hereafter ET) and
potential evapotranspiration (Thornthwaite, 1948). The K defined here
is conceptually similar to the Evaporative Stress Index (ESI, Anderson
et al., 2007), and the crop coefficient Kc (Allen et al., 1998). A modified
Variable Interval Time Averaging (VITA) technique traditionally used
in detecting turbulence ramp events (Blackwelder and Kaplan, 1976) is
applied to identify ecosystem responses to water availability and de-
termine drought severity. The variations of K are analyzed by the
modified VITA in drought index domain to illustrate the relationship
between measured ecosystem drought response and estimated drought
severity. We examined the applicability of NEDI with field measure-
ments taken at 60 AmeriFlux eddy covariance (EC) towers (489 site
years in total) across 8 different vegetation types that were defined by
the International Geosphere–Biosphere Programme classification

(IGBP). The drought conditions commonly identified by sc-PDSI, SPI1
and SPI12 were analyzed and compared with the NEDI to determine the
differences among the indices, and show the importance of ecosystem
function in quantifying drought severity.

2. Methodology

2.1. Normalized Ecosystem Drought Index (NEDI)

We use the difference between monthly precipitation (P) and
monthly potential evapotranspiration (hereafter PET) to estimate water
availability (W), similar to the Standardized Precipitation
Evapotranspiration Index (Vicente-Serrano et al., 2010), and related to
the Reconnaissance Drought Index (Tsakiris and Vangelis, 2005).
However, we represent water supply with total precipitation collected
in the previous months (j= 1 for 1 month lag, j= 2 for 2 months lag,
and so forth) instead of the value in the current month to account for
legacy effects for precipitation to become an available water source.
Therefore, the water availability for the month i can be represented as

= −−W P PET ,i i j i (1)

which is positive with water surplus, neglecting groundwater storage
and runoff. The monthly NEDI is then defined by normalizing the Wi

series with the maximum absolute value of water availability shown in
the Wi series of I months, which can be represented as

=
=

NEDI W
abs Wmax( ( ))

.i
i

i I1, (2)

NEDI can quantify water availability at each ecosystem from −1.0
(driest condition; maximum water shortage) to 1.0 (wettest condition;
maximum water surplus).

The Thornthwaite PET (Thornthwaite, 1948), which requires only
the mean monthly surface air temperature and latitude, was used to
estimate the monthly water demand required in NEDI. Despite its
limitations (Jensen et al., 1990; Donohue et al., 2010; van der Schrier
et al., 2011), Dai (2011a) showed that using the more sophisticated
Penman-Monteith PET only reduced uncertainties slightly in the PDSI
calculation. Therefore, the Thornthwaite PET was used in our NEDI
calculation to bypass the extensive amount of data required for using
Penman-Monteith PET, allowing us to examine NEDI with a greater
number of eddy covariance stations.

2.2. Modified Variable Interval Time Averaging (VITA)

Based on a running variance concept, VITA (Blackwelder and
Kaplan, 1976) has been widely applied to detect turbulence char-
acteristics in unsteady flows (Shaw et al., 1989). The localized variance
used in VITA for each time interval window T is calculated as

∫ ∫= −

−

+

−

+
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2

i
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(3)

where p and ti stand for the variable to be used for detection of some
phenomenon and observation time, respectively. When the streamwise
velocity is used for the variable p, turbulence patterns are identified if
rapid changes are detected in the localized variance, suggesting the
existence of high velocity fluctuations associated with coherent turbu-
lent structures, as originally used by Blackwelder and Kaplan (1976).

We extend this running variance concept to drought monitoring by
using NEDI values in place of time (the variable ti in Eq. (3)), that is
NEDI (the variable ni in Eq. (4)) was used instead of the time on the
abscissa. The variable to be used in detection is then labeled and sorted
by the corresponding NEDI value, instead of sorted by time series. This
modified VITA is thus defined as
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where ni and N stand for the ith NEDI value and the number of NEDI
analyzed in each localized window, respectively. The analysis window
size N was set as 30 to smooth out high frequency variations. Different
values of window size N were tested, and all results were similar to
those presented here (SI1 and SI2).

The modified VITA in Eq. (4) was used to detect ecosystem transi-
tional responses to drought conditions following the general concept of
Sprengel’s and Liebig’s Law of Minimums for plant nutrition (van der
Ploeg et al., 1999). For field ecosystems studies, a variety of variables
that affect ecophysiological response are constantly changing, and un-
like laboratory studies, cannot be constrained or controlled to readily
separate the effects of a single variable of interest. That ecophysiolo-
gical response will show variance when plotted against any particular
single variable of interest when other variables are naturally changing
and affecting the ecophysiological response also (i.e. photosynthetic
radiation, time of year and temperature). However, when the variable
of interest is at some threshold, such as the limited water availability of
drought conditions, then the ecophysiological response will be in-
variant since it is being constrained by the limiting factor, and the
variance will therefore be low.

When limited water availability is a dominant factor limiting eco-
system ET, K is mainly determined by water availability and thus lo-
calized variance would be low and comparable between neighboring
windows. When other variables come into play, because sufficient
water is available, K is a function of other variables (i.e. photosynthetic
radiation, soil moisture and environmental temperature) that are
changing quasi-independently of the water availability, thus resulting
in an increased variance of K. Under this scenario, localized variance
could present rapid fluctuations that would be detectable by the mod-
ified VITA. The NEDI values at which localized variance starts pre-
senting rapid fluctuations show the transition between lower NEDI
identifying drought sufficiently severe to be the limiting variable, and
higher NEDI when the ecosystem is not under drought conditions and
other variables jointly control K. This method could be applied to detect
and quantify ecosystem responses as measured by other ecophysiolo-
gical variables, such as stomata conductance and gross primary pro-
ductivity (GPP).

The modified VITA (Eq. (4)) can also be applied to other drought
indices besides NEDI. We compare VITA for NEDI and using VITA for
three other indices described later: the Self-Calibrating Palmer Drought
Severity Index (sc-PDSI); the Standardized Precipitation Index over 1
month duration (SPI1); and the Standardized Precipitation Index over
12 months duration (SPI12).

3. Data

3.1. AmeriFlux dataset

Half-hourly eddy covariance datasets for 60 AmeriFlux sites from
1991 to 2015 (489 site years) were used in this study (http://ameriflux.
lbl.gov/). These sites encompass a variety of ecosystem types and cli-
matological conditions (Fig. 1; Appendix A), and should be re-
presentative enough to examine NEDI. The Thornthwaite PET
(Thornthwaite, 1948), precipitation anomaly, ET deficit, normalized ET
strength K, and NEDI were calculated at monthly scale based on the
half-hourly measurements taken at each AmeriFlux site. ET deficit was
calculated as measured ET minus Thornthwaite PET. The precipitation
anomaly was computed as total precipitation measured at each month
minus the monthly mean precipitation calculated by the available
measurements recorded at each site (Appendix A).

3.2. Self-Calibrating Palmer Drought Severity Index (sc-PDSI)

The monthly 2.5°× 2.5° self-calibrating Palmer Drought Severity
Index (sc-PDSI) from the National Center for Atmospheric Research
Climate Analysis Section (Dai, 2011a) was used in this study. The sc-
PDSI measures the cumulative departure in surface water balance in
terms of moisture supply (precipitation) and demand (potential eva-
potranspiration) (Palmer, 1965; Wells et al., 2004; Dai, 2011a,b). The
sc-PDSI calculation involves precipitation, evapotranspiration, soil
moisture loss and recharge, and runoff, and more details of its for-
mulations can be found in Wells et al. (2004). Studies have shown that
the sc-PDSI performs better than the original PDSI over Europe and
North America because of the inclusion of dynamically calculated and
spatially based climatic characteristics and duration factors (van der
Schrier et al., 2006a, 2006b, 2007). The sc-PDSI values for the Ameri-
Flux sites were extracted from the nearest grid cells of the sc-PDSI
dataset where the AmeriFlux sites are located. Drought conditions in-
dicated by sc-PDSI were compared to those in SPI (Section 3.3) and
NEDI at the same time periods and locations.

3.3. Standardized Precipitation Index (SPI)

The Standardized Precipitation Index (SPI) is a multi-timescale
drought index that requires only precipitation data. The SPI represents
abnormal wetness and dryness with user defined time durations by
comparing precipitation departure from the cumulative probability
distribution of precipitation over the same region and period (McKee
et al., 1993). The low data requirements, simple calculation and flexible
time duration employed in the SPI enable its wide range of applications
such as drought monitoring at variable timescales and water supply
management (Guttman, 1998, 1999). Because the SPI is only based on
precipitation data, it is limited in its ability to represent drought con-
ditions when other environmental components like temperature are not
stationary (Vicente-Serrano et al., 2010). Nevertheless, studies have
shown that drought conditions are mainly determined by the variability
of precipitation, and the SPI is reasonably correlated with the Palmer
Index at time scales of 6–12 months (Heim 2002; Redmond 2002). The
SPI series used in this study was calculated at the 60 AmeriFlux sites
based on the calculation procedure described in McKee et al. (1993).
The monthly precipitation data required for SPI calculation was ag-
gregated from the half-hourly measurements taken at each AmeriFlux
site. The temporal sensitivity of the time interval selection of SPI was
examined, and the results show that ecosystem responses to SPI are
consistent across different time intervals (SI 3). Results from one month
SPI (SPI1) and twelve months SPI (SPI12) were presented in this study
for the brevity of our discussion.

Drought conditions indicated by SPI1 and SPI12 were compared to
those indicated by sc-PDSI and NEDI at the same time periods and lo-
cations. Specifically, precipitation anomaly, ET deficit and normalized
ET strength K were examined in relationship to the different drought
indices. In addition to time series analysis, we also applied the modified
VITA (Section 2.2) to evaluate ecosystem responses to water availability
in drought index space (Eq. (4)).

4. Results and discussions

4.1. Precipitation anomaly and ET deficit

The precipitation legacy effects on delaying water input to eco-
system were examined by applying different values of time lag (j) in the
water availability (Wi) calculation (Eq. (1)). Lags between 0 and 6
months (j from 0 to 6) were tested, and ecosystem responses to drought
show the greatest association with one-month lag in precipitation
(j= 1) (SI 4; SI 5). Studies have found that the intensity and variability
of precipitation is one of the most important climate drivers of drought
stress that causes changes in ecosystem productivity (Craine et al.,
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2012; Williams et al., 2013; Barnes et al., 2016). This sensitivity of
precipitation shown in NEDI calculation suggests that ecosystem ET is
not only responsive to the amount of precipitation, but also the timing
of precipitation becomes an available water source for ecosystem. In
addition, the use of precipitation from the previous month provides a
valuable tool for users and decision makers to modify management
practices accordingly. For example, one can estimate ecosystem
drought conditions without introducing uncertainties in predicting
precipitation in current or future months, and apply a suitable irriga-
tion and water distribution management plan to optimize the amount of
water consumption.

Continuous time series records of NEDI, sc-PDSI, SPI1 and SPI12
were compared to investigate temporal variability represented by the
different indices. The transitions between wet and dry regimes were
described by the precipitation anomaly and ecosystem ET deficit.
Analysis was performed across all 60 AmeriFlux sites and results are
consistent for all. We also conducted and present more in-depth results
from a more detailed study of Howland Forest (US-Ho1) because it is
one of the sites that has relatively long-term continuous quality con-
trolled eddy covariance measurements.

The time series of the calculated monthly precipitation anomaly and
the drought indices for US-Ho1 (data from 1997 to 2009) and the
correlation coefficients between the anomaly and the indices, are
shown in Fig. 2. Dry regimes indicated by negative drought indices
generally coincide with negative monthly precipitation anomaly and
vice versa. Monthly precipitation anomaly is positively correlated with
the drought indices, and the correlation coefficient is highest for SPI1
(C= 0.7048) and lowest for SPI12 (C=0.1955). These results suggest
that all of these drought indices can reasonably depict environmental
drought stress posed on ecosystem, such as below normal precipitation,
consistent with Heim (2002) and Keyantash and Dracup (2002). The
differences between the correlation coefficients indicate that different
drought indices reflect different temporal scales, suggesting that the
temporal scale represented by a drought index is as important as the
physics embedded in it. Therefore, it is critical to have a proper drought
index with a suitable temporal scale to depict the environmental con-
dition of the system, since different ecosystems are sensitive to different
aspects of climate variability (Craine et al., 2012; Vicente-Serrano et al.,

2013; Barnes et al., 2016).
Similar analysis was performed with ET deficit to evaluate eco-

system responses to drought indicated by these indices. ET deficit
should become more negative as an ecosystem responds to limited
water availability, with ET being much lower than PET under drought
conditions. The time series of the ET deficit and the drought indices at
US-Ho1 from 1997 to 2009 show that all indices correlate poorly with
ET deficit, except the proposed NEDI (Fig. 3). The correlation coeffi-
cient is 0.6314 with NEDI, but its magnitude is less than 0.05 with sc-
PDSI, SPI1 and SPI12. The results suggest that ecosystems may not
necessarily suppress ET to reduce water loss in the presence of en-
vironmental drought (negative drought indices). Therefore, the com-
monly used sc-PDSI and SPI may have difficulty in representing eco-
system responses to limited water availability, although they can be
used in detecting drought conditions in the environment.

NEDI, on the other hand, may have advantages in drought mon-
itoring because it can identify both environmental drought conditions
and ecosystem responses to limited water availability. Within these
indices, drought conditions are identified as below normal water bal-
ance, which does not necessarily correspond to a water deficit (negative
water balance) environment that poses drought stress to ecosystems
(Vicente-Serrano et al., 2013). Our results suggest that drought condi-
tions identified by NEDI correlate with ecosystem responses to a water
deficit environment, owing to the use of normalized water balance in its
calculation.

In addition to the time series analysis, we aggregated the drought
indices and ET deficit series from the all sites. Density scatter plots for
the associated composite results (Fig. 4) show that data points are more
concentrated in regimes with moderate water availability, no matter
which drought index is used. This behavior indicates that all the
drought indices can effectively categorize normal and extreme events,
although their methods and objectives are different. All of the drought
indices present an asymmetric pattern between wet (positive) and dry
(negative) regimes, which shows that ET deficit in the dry regime can
be significantly higher than those in the wet regime. In the wet regime,
the scatter patterns between ET deficit and drought indices are similar
for all of the indices. There is no clear ET deficit trend in response to
changing water availability in the wet regime, suggesting that ET is not

Fig. 1. The locations of the Ameriflux sites used in this study, denoted in red dots. The corresponding site names are indicated on the map. More detailed information of the AmeriFlux
sites is summerized in Appendix A. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Time series for drought indices (red dots; left axes) and precipitation anomaly (blue lines; right axes) plotted at the Howland Forest from 1997 to 2009. The corresponding
correlation coefficient and R2 values are written on top of each subplot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 3. Time series for drought indices (red dots; left axes) and ET deficit (blue lines; right axes) plotted at the Howland Forest from 1997 to 2009. The corresponding correlation
coefficient and R2 values are written on top of each subplot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sensitive to excessive amount of water input when enough water
availability is present. In the dry regime, drier conditions described by
lower values of sc-PDSI, SPI1 and SPI12 are not necessarily associated
with lower ET deficits, and most of the lowest ET deficit events are in a
moderate drought regime as defined by these drought indices. On the
other hand, there is a clear relationship that lower NEDI usually comes
with lower ET deficit, and this pattern holds true throughout the entire
dry regime. Therefore, the composite results again show that NEDI can
represent ecosystem responses to drought, while sc-PDSI, SPI1 and
SPI12 have difficulty in relating water availability with actual eco-
system responses.

The reduction in ET depicted by sc-PDSI, SPI1 and SPI12 are similar
to those presented in Novick et al. (2016), where growing season sur-
face conductance and ET were analyzed in a range of dryness index (the
ration of annual PET to annual precipitation). Novick et al. (2016)
observed considerable variability of ET deficit when hydrologic stress
starts affecting ecosystem functions (dryness index < 4), and ET deficit
stops growing as drought increased (dryness index > 4). This pattern
was observed no matter hydrologic stress is caused by decrease in soil
moisture supply or increase in atmospheric demand. These results
suggest that drought indices based on surface water balance may not
reflect the status of water availability used by an ecosystem under ex-
treme drought events. This finding adds support that normalized sur-
face water balance used in NEDI can better portray ecosystem responses
to hydrologic stress.

4.2. The modified VITA and drought severity

To avoid biases from varying magnitudes of site-dependent ET
deficit, the transitional signals of ecosystem responses to water avail-
ability were analyzed in terms of the nondimensional normalized ET
strength (K, Section 1). The density scatter plots between different sets

of drought index and K were again aggregated from the 60 sites (Fig. 5).
Our results show that higher values of K are more likely to be in the wet
regimes as defined by the drought indices, which indicates that eco-
system ET can reach its potential value when sufficient water is pro-
vided. The use of NEDI presents an asymmetric pattern between wet
and dry regimes, and normalized ET strength generally reduces with
decreasing NEDI. Similar patterns can be found with the other drought
indices, although the decreasing trend of K is less prominent under
drought conditions detected by sc-PDSI, SPI1 and SPI12. These results
suggest that the use of NEDI is preferable to detect ecosystem responses
to limited water availability.

The distribution patterns shown in Fig. 5 provide a way to char-
acterize ecosystem responses over wet and dry regimes, although the
magnitude of K could vary significantly over a zone with similar
drought indices. The modified VITA (Section 2.2) was employed to
filter out this type of variation and to clarify the relationships between
K and different sets of drought index. The modified VITA successfully
transforms the distribution patterns into variable space, and effectively
filters out noisy parts of the signal (Fig. 6). When represented in vari-
able space, there is a rapid transition signal in localized variance of K
when NEDI changes sign, suggesting that ecosystem responds differ-
ently to water availability between wet and dry NEDI regimes. When
NEDI is positive, localized means of K are relatively high with strong
localized variances of K fluctuating over the wet regime. When NEDI is
negative, localized means of K are relatively low with weak and steady
localized variances of K, and localized means of K generally decrease
with decreasing NEDI under the dry regime. Such features cannot be
found with the use of sc-PDSI, SPI1 and SPI12 (Fig. 6). Instead, loca-
lized variances of K jump randomly over the entire domain of the se-
lected drought index (sc-PDSI, SPI1 or SPI12), and there is no clear
transitional pattern that separates wet and dry regimes based on the
modified VITA. Although localized means of K are relatively low when

Fig. 4. Density scatter plots between ET deficit and drought indices aggregated from 60 AmeriFlux sites used in this study. Color bar represents the density of the data points presented in
the dataset. The corresponding correlation coefficient and R2 values are written on top of each subplot.
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the selected drought index (sc-PDSI, SPI1 or SPI12) is negative, they
lack a coherently decreasing trend with decreasing value in the selected
drought index. These results suggest that NEDI can be a better indicator
to represent ecosystem ET ecophysiological regulation effects when
compared to the widely used sc-PDSI, SPI1 and SPI12.

The strong and fluctuating localized variances of K with positive
NEDI indicate that water availability is not a limiting factor controlling
ET. Other factors like environmental temperature, solar radiation and
soil moisture may be as important as water availability in controlling
ecosystem ET (Jung et al., 2010; Zhang et al., 2016). On the contrary,
the weak and steady localized variances of K with negative NEDI in-
dicate that lack of water availability is a dominant limiting factor
controlling ET, i.e. the supply of water falls short of ecosystem demand.

Based on this relationship, we could derive a numerical re-
presentation that directly links normalized ET strength with drought
severity, since both normalized ET strength and water availability can
be represented by NEDI. After examining a series of regression models,
we selected the ninth order polynomial fit for estimating normalized ET
strength with NEDI due to its acceptable performance and complexity
(Fig. 7). Lower order of regression models result in larger root mean
square errors, and higher order of regression models do not necessarily
improve the estimated normalized ET strength. The relationships be-
tween estimated normalized ET strength (K’) and NEDI (x) can thus be
represented as

′ = + + + + + + + +

+

K A x A x A x A x A x A x A x A x A x

A ,
1

9
2

8
3

7
4

6
5

5
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4
7

3
8

2
9

10 (5)

where A1 to A10 are shown in Table 1. This regression line was plotted
with localized means of normalized ET strength under drought condi-
tions defined by NEDI (Fig. 8).

As shown in Fig. 8, the normalized ET strength reduced by 20%,

50% and 75% when NEDI was −0.05, −0.3 and −0.9, respectively.
We can define moderate drought (K=0.8), severe drought (K=0.5)
and extreme drought (K=0.3) when NEDI falls below −0.05, −0.3
and −0.9, respectively. The NEDI drought severity may not be easily
compared with the drought intensity described by PDSI (Palmer, 1965)
and SPI (McKee et al., 1993), because these drought indices do not
reliably identify drought characteristics as indicated by the ET deficit
and normalized ET strength (K) that are used in our study (Figs. 4 and
6). The NEDI drought severity defined here was based on measured ET
regulation patterns encompassing a variety of ecosystem types and
climatological conditions, suggesting that it can objectively reflect
water availability under different biogeographical, climatological and
ecological paradigms.

4.3. Sensitivity to vegetation types

In addition to the distribution patterns shown in Figs. 4 and 6,
drought conditions as measured by NEDI, sc-PDSI and SPI were further
examined to evaluate their sensitivity to vegetation types. The 60
AmeriFlux sites were categorized into 8 IGBP vegetation types: nee-
dleleaf forest; broadleaf forest; mixed forest; grasslands; savannas;
shrublands; croplands; and wetlands. The ET deficit versus NEDI den-
sity scatter plots (Fig. 9) show that the distribution patterns in Fig. 4
hold true for all of the vegetation types, and ET deficit generally de-
creases with deceasing NEDI. Therefore, NEDI can represent ecosystem
responses to limited water availability for every vegetation type, al-
though its relationship to ET deficit is most prominent for shallow
rooted vegetation (grassland, savannas and shrublands), indicated by
higher frequency of occurrence shown in Fig. 9. The sc-PDSI has diffi-
culty representing a realistic relationship to ET deficit (Fig. 10). These
results show that ET deficit does not necessarily respond to changes in

Fig. 5. The density scatter plots between normalized ET strength (K) and drought indices aggregated from 60 AmeriFlux sites used in this study. Color bar represents the density of the
data points presented in the dataset. The corresponding correlation coefficient and R2 values are written on top of each subplot.
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Fig. 6. The localized mean (left axes; blue lines) and the localized variance (right axes; green dots) of normalized ET strength (K) calculated by the modified VITA. Results were
aggregated from 60 AmeriFlux sites used in this study for each of the investigated drought indices. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. The root mean square error of normalized ET
strength associated with different order of poly-
nomial fit when NEDI is negative.
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sc-PDSI, although lower ET deficit is generally correlated with drought
conditions detected by sc-PDSI for shallow rooted vegetation. Similar
insensitivity of PDSI to actual ET was reported in van der Schrier et al.
(2011). The results for SPI1 and SPI12 exhibit similar patterns as for sc-
PDSI (results not shown), suggesting that these types of drought indices
may not reflect ecosystem responses to limited water availability.

The NEDI threshold separating wet and dry regimes was applied to
the 8 IGBP vegetation types to investigate its sensitivity to vegetation
types, based on the modified VITA. The results (Fig. 11) indicate that
localized means and variances of K with positive NEDI are higher than
the negative NEDI counterparts, which agrees with the aggregated re-
sults presented in Fig. 6. The NEDI threshold separating wet and dry
regimes, indicated by the modified VITA applied to K, varied with
different vegetation types. For example, water availability becomes a
dominant limiting factor when NEDI is around 0.14 for shrublands, and
when NEDI is around 0.26 for savannas and wetlands. These results
suggest that different vegetation types can have different tolerance to
water stress, which could arise from their structural and functional
differences in response to changing environmental conditions. Despite

the variation in NEDI threshold, all of the ecosystem types show that
localized means of K start decreasing upon the onset of rapid change in
localized variances of K, regardless of the actual NEDI value. This
suggests that ecosystem ET is mainly determined by water availability
when NEDI falls below the threshold where rapid change in localized
variances of K is detected through the modified VITA, consistent with
the composite results shown in Fig. 6. Therefore, efforts to quantify
specific ecosystem responses to limited water availability should focus
on detecting rapid fluctuations in localized variances of K. The NEDI
drought severity scale defined in Section 4.2 can be a useful tool for
practical drought monitoring, since water availability is a dominant
factor controlling ET for all 8 vegetation types when NEDI is negative
(Fig. 11).

We performed the same analysis for the other drought indices, and
the results for each IGBP category from sc-PDSI (Fig. 12) are similar to
the composite results shown in Fig. 6. Rapid changes in localized var-
iances of K were often detected during both dry and wet conditions that
are defined by sc-PDSI. Alternatively, this variance was only detected in
the wet regime of NEDI. Moreover, localized means of K are often
comparable between the dry and wet regimes defined by sc-PDSI, which
is different from the decreasing trend of K detected in NEDI estimates.
These results suggest that the use of sc-PDSI may not necessary present
contrasting behavior of ecosystem responses to different levels of water
availability for most of the 8 vegetation types. Nevertheless, the results
show that rapid changes in localized variances of K followed by de-
creasing localized means of K can be found when sc-PDSI is used at
grasslands and savannas, although the transitional signal is less evident
than the NEDI counterparts. This type of transitional signal occurs when
sc-PDSI is around −4 (extreme drought; Wells et al., 2004), suggesting
that water availability may not be a dominant limiting factor control-
ling ET until ecosystem is under extreme drought as measured by sc-
PDSI. Similar patterns can be found in SPI1 and SPI12 (results not
shown), indicating that sc-PDSI and SPI could represent ecosystem re-
sponses to varying water availability for some vegetation types, al-
though their transitional signal is not as prominent as the NEDI

Table 1
Coefficients used for the ninth order regression model. A1

through A10 are the coefficients for the seventh through
the zero order terms, respectively.

Coefficient Value

A1 3829.5520
A2 17419.8063
A3 33336.2779
A4 35023.9484
A5 22154.0019
A6 8721.1720
A7 2134.3419
A8 313.7211
A9 25.7850
A10 1.5050

Fig. 8. Blue dots are the scatter plot between loca-
lized means of normalized ET strength (K) and NEDI.
Red line represents the localized means of K esti-
mated by the ninth order polynomial fit. Black dash
lines indicate the normalized ET strength along with
NEDI. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 9. Density scatter plots between ET deficit and NEDI for the 8 IGBP vegetation types examined in this study. Color bar represents the density of the data points presented in the
dataset.

Fig. 10. Density scatter plots between ET deficit and sc-PDSI for the 8 IGBP vegetation types examined in this study. Color bar represents the density of the data points presented in the
dataset.
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proposed here. The relatively weak sensitivity to ecosystem responses
found in sc-PDSI and SPI may be associated with the fact that this type
of atmosphere-centric drought index does not include the effects of
plant physiological responses to changing environmental conditions
(Swann et al., 2016).

5. Conclusions

We developed the Normalized Ecosystem Drought Index (NEDI) to
quantify drought severity in terms of ecosystem transitional responses
to limited water availability. Eddy covariance measurements from 60
AmeriFlux sites (489 site years in total) across 8 IGBP vegetation types
were used to examine the validity of NEDI. The results show that NEDI
can successfully depict environmental drought stress like the negative
precipitation anomaly, and ecosystem ET reduction in response to
limited water availability. Using a modified VITA, we found that water
availability becomes a dominant factor controlling ET when NEDI falls
below the point where rapid change in localized variances of normal-
ized ET strength is detected. The NEDI threshold is generally around
zero, which separates environmental conditions into a wet regime with
stronger ET (positive NEDI) and a dry regime with weaker ET (negative
NEDI). The use of sc-PDSI, SPI1 and SPI12 may not necessarily reflect
this type of ecosystem transitional response, and normalized ET
strength may not drop significantly under drought conditions identified
by these drought indices.

The new drought index NEDI has several advantages. The low data
requirement and simple nature of NEDI make it straightforward for
application to different scientific disciplines or drought detection and
analysis at various spatial and temporal scales. The normalization fea-
ture of NEDI enables it to perform drought severity comparison across

different regional, seasonal and ecological conditions. The modified
VITA developed in this study can be applied to detect ecosystem re-
sponses to other limiting factors, such as environmental temperature,
plant tissue temperature and photosynthetic active radiation.

In addition, drought conditions suggested by NEDI can be used to
optimize irrigation plans and facilitate studies interested in ecosystem
physiological responses to water availability, as they reflect ecosystem
responses to drought. The framework develop in this study should be
able to apply at any spatial scales, since NEDI calculation does not in-
volve any site-specific parameters or ecosystem dependent properties.
This can be done with proper air temperature and precipitation datasets
at user defined study region, as they are the only intrinsic variables
needed in NEDI calculation. This easy of using this new index will
provide a valuable tool for users and decision makers to modify water
management practices accordingly.
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Fig. 11. The localized mean (left axes; blue lines) and the localized variance (right axes; green dots) of normalized ET strength (K) calculated by the modified VITA with NEDI under
different vegetation types. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Appendix A. The AmeriFlux sites used in this study

Site name Vegetation type
(IGBP)

Climate condition
(Köppen)

Data period

ARM SGP Main (US-ARM) Fischer et al. (2007) Croplands Humid Subtropical (Cfa) 12/31/2000–01/
27/2013

Bondville (US-Bo1) Meyers and Hollinger (2004) Croplands Humid Continental
(Dfa)

08/25/1996–12/
30/2010

Bondville Companion (US-Bo2) Bernacchi et al. (2005) Croplands Humid Continental
(Dfa)

05/13/2004–12/
28/2008

Brooks Field Site 10 (US-Br1) Cammalleri et al. (2014) Croplands Humid Continental
(Dfa)

01/01/2005–11/
09/2011

Brooks Field Site 11 (US-Br3) Sakai et al. (2015) Croplands Humid Continental
(Dfa)

01/01/2005–11/
09/2011

Fermi Agricultural (US-IB1) Matamala et al. (2016) Croplands Humid Continental
(Dfa)

03/28/2005–12/
31/2011

Mead Irrigated (US-Ne1) Suyker et al. (2004) Croplands Humid Continental
(Dfa)

05/25/2001–05/
31/2013

Mead Irrigated Rotation (US-Ne2) Suyker et al. (2004) Croplands Humid Continental
(Dfa)

06/04/2001–05/
31/2013

Mead Rainfed (US-Ne3) Suyker et al. (2004) Croplands Humid Continental
(Dfa)

06/04/2001–05/
31/2013

Bartlett Experimental Forest (US-Bar) Richardson et al. (2007) Deciduous
broadleaf forest

Warm Summer
Continental (Dfb)

12/31/2003 −01/
14/2013

Chestnut Ridge (US-ChR) Cammalleri et al. (2014) Deciduous
broadleaf forest

Humid Subtropical (Cfa) 05/11/2005–01/
13/2011

Harvard Forest (US-Ha1) Moore et al. (1996) Deciduous
broadleaf forest

Warm Summer
Continental (Dfb)

10/28/1991–12/
31/2014

Morgan Monroe State Forest (US-MMS) Pryor et al. (1999) Deciduous
broadleaf forest

Humid Subtropical (Cfa) 01/01/1999–12/
31/2014

Fig. 12. The localized mean (left axes; blue lines) and the localized variance (right axes; green dots) of normalized ET strength (K) calculated by the modified VITA with sc-PDSI under
different vegetation types. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Missouri Ozark (US-MOz) Gu et al. (2006) Deciduous
broadleaf forest

Humid Subtropical (Cfa) 01/01/2004–12/
31/2014

Ohio Oak Openings (US-Oho) DeForest et al. (2006) Deciduous
broadleaf forest

Humid Continental
(Dfa)

01/01/2004–12/
31/2013

Walker Branch (US-WBW) Hanson et al. (2005) Deciduous
broadleaf forest

Humid Subtropical (Cfa) 12/31/1994–06/
06/2007

Willow Creek (US-WCr) Desai et al. (2005) Deciduous
broadleaf forest

Warm Summer
Continental (Dfb)

01/01/1998–12/
31/2014

Florida Everglades Shark River Slough Mangrove Forest (US-Skr) Barr
et al. (2009)

Evergreen broadleaf
forest

Humid Subtropical
(Cwa)

01/01/2004–09/
12/2011

Blodgett Forest (US-Blo) Goldstein et al. (2000) Evergreen
needleleaf forest

Mediterranean (Csa) 06/02/1997–10/
10/2007

Duke Forest Loblolly Pine (US-Dk3) Katul et al. (2003) Evergreen
needleleaf forest

Humid Subtropical (Cfa) 01/01/1998–12/
31/2008

Flagstaff Managed Forest (US-Fmf) Dore et al. (2010) Evergreen
needleleaf forest

Mediterranean (Csb) 07/29/2005–12/
31/2010

Flagstaff Unmanaged Forest (US-Fuf) Dore et al. (2008) Evergreen
needleleaf forest

Mediterranean (Csb) 09/06/2005–12/
31/2010

GLEES (US-GLE) Zeller and Nikolov (2000) Evergreen
needleleaf forest

Subarctic (Dfc) 10/01/2004–12/
31/2012

Howland Forest Main (US-Ho1) Hollinger et al. (1999) Evergreen
needleleaf forest

Warm Summer
Continental (Dfb)

01/01/1996–12/
31/2009

Metolius Intermediate Pine (US-Me2) Law et al. (2004) Evergreen
needleleaf forest

Mediterranean (Csb) 01/01/2002–12/
31/2014

Metolius Second Young Pine (US-Me3) Sun et al. (2004) Evergreen
needleleaf forest

Mediterranean (Csb) 01/01/2004–12/
31/2009

Metolius First Young Pine (US-Me5) Law et al. (2003) Evergreen
needleleaf forest

Mediterranean (Csb) 06/17/1999–12/
31/2002

Marys River Fir Site (US-MRf) He et al. (2015) Evergreen
needleleaf forest

Mediterranean (Csb) 01/01/2005–02/
17/2012

North Carolina Loblolly Pine (US-NC2) Noormets et al. (2010) Evergreen
needleleaf forest

Humid Subtropical (Cfa) 01/01/2005–12/
31/2010

Niwot Ridge (US-NR1) Turnipseed et al. (2002) Evergreen
needleleaf forest

Subarctic (Dfc) 11/01/1998–12/
31/2014

Austin Cary (US-SP1) Fang et al. (1998) Evergreen
needleleaf forest

Humid Subtropical (Cfa) 07/01/2000–12/
31/2011

Mize (US-SP2) Fang et al. (1998) Evergreen
needleleaf forest

Humid Subtropical (Cfa) 01/01/1999–12/
31/2008

Donaldson (US-SP3) Fang et al. (1998) Evergreen
needleleaf forest

Humid Subtropical (Cfa) 01/01/1999–12/
31/2010

Wind River Field Station (US-Wrc) Paw U et al. (2004) Evergreen
needleleaf forest

Mediterranean (Csb) 01/01/1998–12/
31/2015

Audubon Research Ranch (US-Aud) Qi et al. (2000) Grasslands Steppe (Bsk) 06/07/2002–09/
26/2011

Canaan Valley (US-CaV) Yang et al. (2007) Grasslands Marine West Coast (Cfb) 01/06/2004 −11/
18/2010

Duke Forest Open Field (US-Dk1) Katul et al. (2003) Grasslands Humid Continental
(Dfa)

01/01/2001–12/
31/2008

Fort Peck (US-FPe) Cammalleri et al. (2014) Grasslands Steppe (Bsk) 01/01/2000–12/
28/2008

Flagstaff Wildfire (US-Fwf) Dore et al. (2008) Grasslands Mediterranean (Csb) 06/15/2005–12/
31/2010

Fermi Prairie (US-IB2) Matamala et al. (2016) Grasslands Humid Continental
(Dfa)

10/06/2004–12/
31/2011

Kansas Field Station (US-KFS) Cochran et al. (2016) Grasslands Humid Subtropical (Cfa) 06/16/2007–12/
31/2012

Konza Prairie (US-Kon) Logan and Brunsell (2015) Grasslands Humid Subtropical (Cfa) 08/22/2006–12/
31/2012

Vaira Ranch (US-Var) Baldocchi et al. (2004) Grasslands Mediterranean (Csa) 01/01/2000–12/
31/2014

Kendall Grassland (US-Wkg) Scott et al. (2010) Grasslands Steppe (Bsk) 05/06/2004–12/
31/2015

Duke Forest Hardwoods (US-Dk2) Katul et al. (2003) Mixed forest Humid Subtropical (Cfa) 01/01/2001–12/
31/2008

Great Mountain Forest (US-GMF) Lee et al. (2001) Mixed forest Warm Summer
Continental (Dfb)

05/19/1999–12/
31/2004
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Park Falls (US-PFa) Desai (2014) Mixed forest Warm Summer
Continental (Dfb)

01/01/1995–12/
31/2014

Sylvania Wilderness (US-Syv) Desai et al. (2005) Mixed forest Warm Summer
Continental (Dfb)

01/01/2001–12/
31/2014

Kennedy Space Center Scrub Oak (US-KS2) Powell et al. (2006) Closed shrublands Humid Subtropical
(Cwa)

06/29/1999–12/
31/2006

Sky Oaks Old (US-SO2) Stylinski et al. (2002) Closed shrublands Mediterranean (Csa) 01/01/1997–12/
31/2006

Sky Oaks Young (US-SO3) Stylinski et al. (2002) Closed shrublands Mediterranean (Csa) 01/01/1997–12/
31/2006

Santa Rita Creosote (US-SRC) Crow et al. (2015) Open shrublands Unknown 01/01/2008–12/
31/2014

Lucky Hills Shrubland (US-Whs) Scott (2010) Open shrublands Steppe (Bsk) 06/29/2007–12/
31/2015

Florida Everglades Shark River Slough Long Hydroperiod Marsh (US-Elm)
Schedlbauer et al. (2012)

Permanent
wetlands

Unknown 07/22/2008–12/
31/2013

Florida Everglades Taylor Slough Short Hydroperiod Marsh (US-Esm)
Schedlbauer et al. (2012)

Permanent
Wetlands

Unknown 01/01/2008–12/
31/2013

Lost Creek (US-Los) Sulman et al. (2009) Wetlands Warm Summer
Continental (Dfb)

01/01/2000–12/
31/2014

Freeman Ranch Mesquite Juniper (US-FR2) Heinsch et al. (2004) Woody savannas Humid Subtropical (Cfa) 01/01/2005–12/
29/2008

Freeman Ranch Woodland (US-FR3) Heinsch et al. (2004) Woody savannas Humid Subtropical (Cfa) 07/17/2004–12/
31/2012

Santa Rita Mesquite Savanna (US-SRM) Scott et al. (2008) Woody saccvannas Steppe (Bsk) 12/31/2003–12/
31/2015

Tonzi Ranch (US-Ton) Baldocchi et al. (2004) Woody savannas Mediterranean (Csa) 01/01/2001–12/
31/2014

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.agrformet.2017.12.001.
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