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Abstract. We investigated the impact of drought on interan- strong correlation between the occurrence of global drought
nual variability of net primary productivity (NPP) from 1997 and net primary production (NPP) using the Moderate Reso-
to 2009, using the standardized precipitation evapotranspiralution Imaging Spectroradiometer (MODIS) NPP algorithm
tion index (SPEI) drought index and satellite-derived vege-and the Palmer Drought Severity Index (PDSI) as a proxy for
tation greenness converted to NPP. SPEI is positive for wesoil moisture.
conditions and negative for dry conditions. We found that Extreme droughts can impact the terrestrial productivity
SPEI and NPP were coupled and showed in-phase behavioum a significant way and reduce the sink strength at (sub)
on a global scale. We then used the K&ppen climate classificontinental scale (Ciais et al., 2005; Reichstein et al., 2007a;
cation to study the SPEI-NPP relations regionally and foundvan der Molen et al., 2011). Several recent droughts, such as
that while NPP and SPEI were positively related (high SPEI,those in Australia (2002—-2009), Europe (2003), and Amazo-
high NPP) in arid and in seasonal dry regions, the oppositania (2005, 2010) have had a clear detectable impact on plant
occurs in most boreal regions (high SPEI, low NPP). High productivity (Gobron et al., 2010; Zhao and Running, 2010).
intensity drought events, such as the 2003 drought in EuSince the occurrence and severity of droughts is likely to in-
rope were picked up by our analysis. Our findings suggestrease in the near future as a result of global warming (Dai,
that the strong positive relation between global average mois2012, but see also Sheffield et al., 2012), there is a clear need
ture availability and NPP consists of a composite of the posi-to understand whether the global average results found by
tive relation across dry regions and the coherent NPP declin@hao and Running (2010) also apply at smaller spatial scales,
during and after intensive drought events in humid regions.and perhaps arguably more important, whether at the level
Importantly, we also found that there are many areas on theand scale of biomes and climate zones different relationships
globe that show no strong correlation between drought anaccur.
NPP. Droughts have traditionally been described based on their
intensity, duration and spatial extent, or a mixture of this.
Precipitation anomalies are often used as a proxy because
precipitation is the main water source to the soils. How-
1 Introduction ever, the local water balance also depends on evaporation,
soil moisture storage, and runoff. Compared with precipita-
Terrestrial ecosystems constitute a substantiagl 4Gk, cur-  tjon, drought indices have the advantage that they quantita-
rently of the order of a quarter of emissions from fossil fuels tively describe both the character of drought events and long-
and deforestation (Le Quéreé et al., 2009). They exhibit conterm variations in the mean dry and wet conditions. Further-
siderable interannual variability, which is to a large extent re-mgre. drought indices have significant advantages over pre-
flected in the variability of the mean global atmospheric,CO cipitation in analytical applications, as they address the po-

growth rate (Knorr et al., 2007; Le Quére et al., 2009; Zhaotential impacts much more explicitly, for instance by taking
and Running, 2010). Zhao and Running (2010) suggested a
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into account the duration and cumulative severity. However,estimates of evaporation. This is also an improvement over
Sheffield et al. (2012) also point out that care has to be exereur earlier analysis.
cised when extrapolating drought indices that are not based The objective of this study is thus to investigate how
on a full physical description of the relevant processes. Whileanomalous moisture conditions, as estimated by the SPEI,
recently remotely sensed soil moisture data have becomare related to annual changes in NPP on multiple time and
available for 30yr (Dorigo et al., 2012; Liu et al., 2012), space scales across the globe. We choose NPP as an indica-
these data unfortunately suffer sometimes from gaps in theor of carbon sensitivity, so as not having to separate several
time series and refer in principle only to the first few, vari- ecosystem level responses of heterotrophic respiration (
able centimetres of the soil, making their global applicationversus gross primary production (GPP). We appreciate that
in drought studies not yet straightforward. respiration is also sensitive to drought and soil moisture, but

The previously mentioned drought—vegetation studiesthis field is only just evolving and we did not wish to further
generally suggest that at the global scale relationships exeomplicate matters. We also note that these components are
ist that hide the underlying composite of several regional re-usually calculated in models from NPP; therefore, NPP tends
sponses at smaller spatial scales. Importantly then, not onlyo be more useful for our study than eithRror NEE and
meteorological variability plays a role, but also the generalmore directly related to ecosystem carbon use than GPP. We
sensitivity or adaptation of the vegetation to drought stressesuse the CASA biogeochemical model (Potter et al., 1993; van
Savannah vegetation for instance is likely to be more adapteder Werf et al., 2010) to estimate NPP. We specifically aimed
to periodic drought than a temperate forest that experiences # provide more spatial detail than Zhao and Running (2010),
drought only once in a few years. This calls for the inclusion as it is to be expected that soil moisture-NPP relations are
of biome or vegetation information in the drought—carbon strongest in arid areas and those with a pronounced dry sea-
impact analysis. We use here a combination of the K&p-son. In contrast, in cold and humid regions we do not expect
pen climate classification together with a CASA (Carnegie-a clear relation. We suspect that the global relations as found
Ames-Stanford Approach; Potter et al., 1993; van der Werfby Zhao and Running (2010) may hide this regional detail
et al., 2010) derived NPP and the standardized precipitatiothat could be important for the future behaviour of the carbon
evapotranspiration index (SPEI; Vicente-Serrano et al., 2010¢ycle. Note that it is also important to identify those regions
drought index to investigate this variability. By doing so, we where no clear drought NPP relation exist, as this indicates
aim to improve the understanding of the relation of droughtrobustness of the carbon cycle to changes in precipitation and
with vegetation and also detect whether our hypothesis of resoil moisture in these regions.
gionally varying responses is correct.

By using the SPEI index, we believe to have made the
appropriate choice to study drought in a more meaningful? Methods

way than with for instance the PDSI, or other static droughtWe used the CASA biogeochemical model (Potter et al.,

indices. As demonstrate.d by Heim (2002) and see also thei993' van der Werf et al., 2010) on a 0diid with a monthly
comment on the Discussion paper by Vicente Serrano (2013)t1me étep. NPP was calc;ulated by the light use efficiency ap-

over 10 different drought indices have been developed durs roach multiplying absorbed photosynthetically active radia-
ing the twentieth century, of which SPI (standardized pre—p Pying P Y y

cipitation index; McKee et al., 1993) and PDSI are the mosttlon (PAR) and a light use efficiency coefficientMonteith,

widely used (Ji and Peters, 2003; Lotsch et al., 2003; Rheelg?z’ 1977):

etal., 2010). PDSI is more physical based but SPI is easy tqpp— PAR x fPAR x &* x f(e), (1)
calculate and has different timescales. This timescale charac-
teristic of SPI is very important to represent different kinds where fPAR is the fraction of PAR absorbed by vegetation,
of droughts (McKee et al., 1993). The World Meteorological f(g) accounts for environmental stress governed by temper-
Organization (WMO) has recommended SPI as the standardture and moisture. CASA employs a sub-model to calcu-
drought index. Recently, the SPEI was generated, which refate the soil moisture balance. The model keeps a running
lies on a similar algorithm as SPI but including temperaturewater balance where the main impact of soil moisture on
to calculate potential evapotranspiration. Therefore, SPEIGPP is given by a water stress factdv.{ which is calcu-
combines the advantages of SPI (different timescales) anthted asW, = 0.5+ 0.5- P/PET, where PET is the potential
PDSI (both precipitation and temperature play a role), andevapotranspiration an# is the precipitation. This equation,
is considered to provide a more meaningful parameter to dethough arguably simple, contains the primary responses of
tect the impact of drought on vegetation (Vicente-Serrano eNPP to soil moisture. The factor 0.5 is chosen to incorporate
al., 2013) as a consequence. However, following Sheffield ethe effect that in the fPAR data used in CASA, a soil mois-
al. (2012) who showed the importance of using a physicallyture effect would also be visible, because fPAR will decrease
based estimate of evaporation in calculating droughts, wavhen the wilting occurs due to the shortage of soil moisture.
use here the SPEI calculated from Penman—Monteith derive@lore details of f(¢) can be found in Potter et al. (1993).
¢* was set to 0.5 g CMJ'PAR globally to match global NPP
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values of 60 Pg C yt! (Beer et al., 2010). International Satel- Table 1.List of regions referred to this paper. Abbreviations consist
lite Cloud Climatology Project (ISCCP) solar radiation data of the first two letters of Képpen climate classification (indicating
(Zhang et al., 2004) were used here to generate PAR. fPARIlimate) and two letters to identify the continent or region. For ex-
data were calculated based on normalized difference vegedmPple, AFAF is first group (A, equatorial) humid (F) in Africa (AF).

tation index (NDVI) from the Advanced Very High Resolu-

tion Radiometer (AVHRR, Tucker et al., 2005) and Moderate ~APbreviation

Resolution Imaging Spectroradiometer (MODIS) products

Koppen climate
classification

Continent or region

(Myneni et al., 2002). Precipitation from the Global Precip- AFAF
itation Climatology Project (GPCP) version 1.1 (Huffman et
al., 2001) and temperature of the Goddard Institute for Space
Sciences (GISS) surface temperature analysis (Hansen et al., opgp
1999) were employed to quantify environmental drivers. Fur-

ther details are provided by van der Werf et al. (2010). AWAF

We use the latest SPEI v2.2 data (available frottps:

/ldigital.csic.es/handle/10261/7226# this study. SPEIv2.2 ~ AWEA
involves CRU TS3.2 monthly gridded temperature and PET.
The FAO (Food and Agricultural Organization) grass refer-
ence method, a variant of the Penman—Monteith method, is BBAF
using in the PET calculation. More details of PET calcula-

tion and application limitations across vegetation types can BBEA
be found in Ekstrém et al. (2007) and Allen et al. (1994).

AFEA

AWSA

The difference between precipitation (PPT) and PET, as a BENA
simplified water balance, was calculated as BBOC
D =PPT—PET. 2) BBSA
D was calculated for each grid cell and month following CFAS

k-1 )
Dk=>"" (PPT,_i —PET,_)). j >k, @
CFNA

where k is timescale, in months. A three-parameter log-
logistic distribution was used to model theBeseries, with CFOC
the function given by

CFSA

-1
F(x)=[1+ (%)’3] : (4) CSEA

whereqa, 8, andy indicate scale, shape and origin parame-

ters, respectively. This function was chosen as the best distri- CWAF
bution function byL moment ratio diagrams to fiD series
(Vicente-Serrano et al., 2010). Finally, SPEI data were cal- cwea
culated by standardizing (x). More details are provided in
Vicente-Serrano et al. (2010).

The response of hydrological systems to moisture DFEA
deficits varies over timescales. On short timescales surface
runoff and soil moisture are of concern while at longer
timescales stream flow and ground water levels are impor- pwea
tant (Changnon and Easterling, 1989). Mathematically, SPEI
can be calculated on any timescale, but the scales typically
used are 1-, 3-, 6-, 12-, and 24-months. In all, 3-, 5- and 6- ETAT
month SPI have been used to indicate soil moisture condi- ETQT

DFENA

equatorial climates, humid Africa

and monsoon (Af, Am)

equatorial climates, humid Eurasia and north
and monsoon (Af, Am) Oceania

equatorial climates, humid Central and South
and monsoon (Af, Am) America

equatorial climates with Africa

winter dry (Aw)

equatorial climates with Eurasia and north
winter dry (Aw) Oceania

equatorial climates with Central and South
winter dry (Aw) America

arid climates (BWk, BWh, Africa

BSk, BSh)

arid climates (BWk, BWh, Eurasia

BSk, BSh)

arid climates (BWk, BWh, North America
BSk, BSh)

arid climates (BWk, BWh, Oceania

BSk, BSh)

arid climates (BWk, BWh, Central and South
BSk, BSh) America

temperate climates, humidAsian

(Cfa, Cfb, Cfc)

temperate climates, humidEurope

(Cfa, Cfb, Cfc)

temperate climates, humid North America
(Cfa, Cfb, Cfc)

temperate climates, humidOceania
(Cfa, Cfb, Cfc)

temperate climates, humidCentral and South
(Cfa, Cfb, Cfc) America
temperate climates with Mediterranean Sea
summer dry (Csa, Csb,

Csc)

temperate climates with Africa

winter dry (Cwa, Cwb,

Cwec)

temperate climates with Eurasia
winter dry (Cwa, Cwb,

Cwc)

cold climates, humid (Dfa, Eurasia

Dfb, Dfc, Dfd)

cold climates, humid (Dfa, North America
Dfb, Dfc, Dfd)

cold climates with win- Eurasia

ter dry (Dwa, Dwb, Dwc,

Dwd)
polar tundra (ET) Arctic
polar tundra (ET) Eurasia

tions (Hirschi et al., 2011; Ji and Peters, 2003; Lotsch et al.,
2003) and 2—3 months SPI may indicate agricultural drought

best (Mishra and Desai, 2005). We focused our analysis on Annual SPEI data were calculated from original monthly
1-, 3-, and 6-month SPEI values to capture variability in soil SPEI using all months in the year. Pearson correlation coef-
moisture conditions from surface to deeper rooting depths. ficients were calculated for the annual NPP vs. 1-, 3-, and
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6-month SPEI values. We removed the linear trends from an-
nual NPP and SPEI time series during correlation calcula-
tion. To aid the interpretation of our analyses, we divided the
global land surface into 24 climate regions across continents
based on both geographical location and the Képpen climate
classification (Kottek et al., 2006, Fig. 1, Table 1). We did
not combine all regions with an identical climate type across
continents to maintain variability due to region-specific me-
teorological conditions. In the Képpen climate classification,
first letters are used to indicate the main climate groups, i.e.
group A concerns equatoria' C"mate; group B arid C||mateS,F|g 1. Map of 24 regions used in our Study. Abbreviations are ex-
group C temperate climates; group D continental cold cli-Plained in Table 1.

mates and group E consists of polar climates. Within the
Kdppen climate classification, we separated arid, humid and .

seasonal (summer or winter) dry types besides the five main I
groups. Only those classes that occupy at least 1% of the 1t = s e

global land surface were included in our study with the ex- 2
ception of temperate humid Oceania (CFOC), which is the &3
second largest climate type there.

SPET

3 Results

o i I i L i I L L i I I I i 0.3
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Global CASA calculated NPP showed a decreasing trend
for the period of 1997—2009, similar to that found by Zhao Fig. 2. Interannual variation in global NPP and SPEI anomalies dur-
and Running (2010), but also displayed substantial interanind 1997-2009. Both NPP and SPEI are area-weighted.
nual variation (Fig. 2). The global SPEI series exhibited al-
most the same trend, and showed a similar pattern that ap-
peared well in phase with NPP. On a global scale, for exam- To bring in the vegetation component more explicitly, we
ple, dry conditions happened in 2002-2003, 2005 and 2009 0w analyze the relationship between SPEI and NPP in more
with lower NPP and SPEI values. 2004 was a wet year andletail using the Képpen climate classification across conti-
NPP and SPEI were above average compared to other yeamsents. Compared with the global results of NPP and SPEI, the
SPEI values changed somewhat when calculated over difeorrelation coefficients in several regions exhibit much more
ferent timescales, with the maximum range between 1 anathange with different SPEI timescales, such as the range
6 month SPEI occurring in 2006. The annual variance ofof 0.57 in cold humid Eurasia (DFEA) (Table 2). This im-
SPEI was increasing from 1 month to 6 months timescales agplies that the impact of drought on the ecosystems in this
shown in Fig. 2. However, the interannual pattern was robustirea varies with different SPEI timescales, and that NPP is
and the calculated correlation coefficients between NPP andensitive only to droughts specified by a narrow range of
SPEI were (5(p < 0.1), 0.51(p < 0.1) and 0.43 for 1-, 3- timescales. Significant values occurred at 1 to 3-month scales
and 6-month SPEI, respectively (Table 2). There was a slightaind the absolute values are much higher than using the 6-
declining trend in both SPEI and CASA derived NPP, sim- month scale, which we suspect is caused by the very short
ilar to Zhao and Running (2010), despite adding the yearsggrowing period during summer in this region. In contrast, in
1997-1999 to the analysis. several other regions, arid South America (BBSA) for exam-
We now proceed to investigate at finer spatial resolutionple, we observed little change in response when using differ-
the observed relationships by analyzing the correlation beent timescales (Table 2) suggesting that in these cases the
tween NPP and SPEI at grid cell level. Since the spatial patvegetation is less sensitive to the precise timescale of the
terns corresponding to 1-, 3-, 6-month SPEI are very sim-drought.
ilar, we only show the 3-month SPEI-CASA NPP relation Complementing Table 2, Fig. 4 shows time series of an-
(Fig. 3). Figure 3 illustrates that at 0.5-degree spatial resonual 3-month SPEI and NPP anomalies between 1997 and
lution significant positive relations between SPEI and NPP2009 for these 24 regions. As expected, NPP and SPEI
are present. These occur largely at the mid-latitudes of botthave similar temporal patterns in arid regions (climate group
hemispheres. Significant negative relations were mainly obB, Fig. 4g—k), showing significant positive correlation co-
served in the boreal region. NPP in the Southern Hemispherefficients for the arid regions of North America (BBNA),
appeared to be more sensitive to SPEI indicated by high corEurasian (BBEA), Africa (BBAF) Australia (BBOC) and
relation values. Central and South America (BBSA). In contrast, NPP and

Hydrol. Earth Syst. Sci., 17, 38853894 2013 www.hydrol-earth-syst-sci.net/17/3885/2013/



T. Chen et al.: A global analysis of the impact of drought on net primary productivity 3889

Table 2. Correlation coefficientsK) between annual anomalies of NPP and SPEI for the global and for the 24 regions explained in Table 1.
Significant valuesjf < 0.1) are indicated by.

SPEI global AFAF AFEA AFSA AWAF AWEA AWSA BBAF BBEA

1 0.55° 020 -0.31 0.36 0.91 0.30 0.7¢  0.55° 0.29

2 0.5% 034 -0.22 0.30 0.87 0.56" 0.85* 0.40 0.60

3 0.43 0.44 0.12 0.34 0.66 0.67 0.87 0.37 0.72
BBNA BBOC BBSA CFAS CFEU CFNA CFOC CFSA CSEA

1 0.8% 0.74 045 -0.11 0.44 —-0.26 0.65 -0.39 0.30

2 0.86° 0.84 0.50* -0.31 0.25 -0.16 0.62 -0.26 0.41

3 0.93 0.87 0.48 —-0.34 039 -0.01 0.52 -0.12 0.58

CWAF CWEA DFEA DFNA DWEA ETAR ETQT

1 0.55° 0.29 -0.68 -0.46 -0.63* -0.20 -0.22
2 0.57 0.14 -0.53* -0.48 -0.63* -0.26 -0.21
3 0.45 0.21 -0.11 -0.54 -056° -0.17 -0.17

2003 a severe drought hit Europe during summer and au-
tumn, leading to considerable carbon loss across mid- and
southern Europe at many ecosystems (Ciais et al., 2005;
Reichstein et al., 2007a). Equatorial humid regions show
similar behaviour as the temperate humid regions in that they
generally have no obvious relation with SPEI (Fig. 4a—c, Ta-

: < . : ble 2). Itis worth noting the absence of these relations, as this
3-month SPEI| suggests that at least for the currently available variability in
\ precipitation, these regions are relatively robust in their NPP.
We will discuss this issue further in the discussion.

Fig. 3. Spatial distribution of Pearson’s correlation coefficients be-  The regions that have seasonally occurring dry periods in-
tween annual anomalies of NPP and SPEI (3-months). Correlation§luding summer or winter dry periods are those in middle
that are significantf < 0.1) are displayed in blue (positive) and red latitude and equatorial zones. However, as expected, all the
(negative). Grey areas indicate correlations that are not significantvinter dry equatorial regions (AWAF, AWEA and AWSA)
and white areas are not available due to data structure. have significant correlations between NPP and SPEI (Ta-
ble 2). Further, temperate regions with summer dry regions
around the Mediterranean (CSEA) also showed a significant
SPEI exhibited out of phase correlations during the wholeCorrelation between 6-month SPEI and NPP (Table 2). This
period in the boreal Northern Hemisphere with cold climate SUggests that once dry seasons are occurring well within the
(climate group D), i.e. cold-humid North America and North 9rowing season, annual NPP is also positively correlated to

Eurasian (DFNA, DFEA) and cold climates with winter dry SPEI- o
North Eurasian (DWEA) as shown in Fig. 4t-v. As shown above, the relationships between NPP and SPEI

Unlike arid and cold regions, other climate zones do notVary with the regions of the KGppen climate classification.
show globally uniform positive or negative patterns. Weak Generglly,. _however, different cllmgte zones exist because of
relations are mostly found in temperate humid regions. Norththe variability of energy and water input with latitude. There-
America (CFNA), South and Central America (CFSA), Asia fore, we also show_the correlations against Ia_tltu_de and calcu-
(CFAS) and Europe (CFEU) show a mix of both positive and lated the Con_t_r|l_3ut|on to global NPP to identify in Whlch ar-
negative correlation coefficients. An exception was Oceanigas the sensitivity to global NPP is most pronounced (Fig. 5).
of East Australia and New Zealand (CFOC) where NPP and™igure 5 clearly shows the tropics as d(_)r_n!nant contributor to
SPEI had a significant positive relation (Table 2). global NPP, but with generally low sensitivity to drought. Be-

During 1997—2002 in temperate humid Europe SPE| wasWeen 20 and 405, and between roughly 20 and°30 we
in anti-phase (negatively correlated) to NPP (Fig. 4m). Thisobser_ve strong positive correlatlons,_as indeed in Zhao and
suggests that during that period no very strong water limita-RUNNing (2010) but these areas contribute less to global NPP.
tions were experienced and maybe higher temperatures did
lead to more carbon uptake (e.g. Goulden et al., 1996). How-
ever, NPP exhibited a sharp decline with SPEI in 2003. In
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Fig. 4. Regional average of SPEI and NPP anomalies for the 24 regions listed in Table 1.

4 Discussions and conclusions

=
o
=

The response of NPP to drought is one of the key dynamic
processes of the global carbon cycle. We found a statistically
significant relation between global NPP and the drought in-
dex SPEI, similar to Zhao and Running (2010) who studied
this for a shorter time frame. Although a substantial part of
the land surface exhibited opposing patterns, this global re-
lation was for a large part driven by the larger areas of the
globe where more soil moisture leads to increased NPP. This
_ _ o o was especially obvious in the response that was dominated by
Fig. 5. Correlation coefficients of latitudinal zone averaged NPP and, o |andmasses in the Southern Hemisphere similar to the soil

SPEI (green) and NPP contributions as a percentage of global NPR, ;o4 \ve driven decline in evaporation (Jung et al., 2010) and
(blue). 5-degree moving averages were applied to all 0.5-degree '

. most probably related to the variability in rainfall caused by
t I latitude. o e .
Steps along latitude the El Nifio—La Nifia cycle. Although NPP decreased slightly
during this period, we prefer to emphasise here its varia-
tion rather than the trend because the variations are generally

-
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more reliable. Furthermore, our results differ also slightly events. It is however difficult from our analysis to detect a
from the values reported previously due to the use of differ-clear threshold that separates the positive from the negative
ent models and different time frames. For example, in 2005%effects of drought on NPP. It is clear that severe droughts,
the NPP anomaly in the current paperi6.5 PgC but Zhao such as those in 2003 in Europe reduce NPP significantly.
and Running (2010) reported an anomaly-df.5 PgC NPP. In contrast, we are not able to detect an intense NPP de-
Global NPP is one of the prime factors determining thecline in Amazon rainforest during 2005 although Phillips
rate of atmospheric COgrowth rate (Zhao and Running, et al. (2009) reported substantial tree mortality. Zhao and
2010) and the El Nifio/La Nifia-Southern Oscillation (ENSO) Running (2010) also found a clear relation between a neg-
is known to be correlated strongly to the interannual vari- ative anomaly in soil moisture and a decline in NPP in trop-
ability of the growth rate. The mechanism for this is gener-ical forests. In our case (not shown here), negative NPP
ally attributed to the variation of tropical terrestrial ecosys- anomalies occur at some regions where a strong decline in
tem NPP driven by variability in precipitation (Zeng et al., biomass is reported by Phillips et al. (2009), but do not over-
2005) and/or increased fire and deforestation activity duringap fully. We note that whether there was a significant decline
drought years (van der Werf et al., 2004). We have shownn NPP in 2005 in the Amazon is still subject to controversy
how for the tropical landmass with a dry period SPEI shows(Samanta et al., 2011). However, if the CASA model un-
a clear relation with NPP (Fig. 4d—f), which suggests droughtderestimated the Amazon NPP decline in 2005, global SPEI
impacts are indeed part of this mechanism. However, negand NPP would show an even stronger in-phase coupled be-
ative NPP anomalies at northern mid-latitudes caused byhaviour. Besides these two cases, for the Australian continen-
drought events, may also contribute significantly to a lowertal drought (2002-2009) we find a very strong relationship
NPP and the atmospheric G@rowth during a moderate EI between SPEI and NPP.
Nifio, for example during 2002—2003 (Knorr et al., 2007). In this study we aimed to provide more regional and
Both regional averages and our grid scale correlation analbiome detail to the global relations found in Zhao and Run-
ysis showed spatial variations in the relation between NPFing (2010) by analyzing the relation between moisture con-
and SPEI. The contrast in response occurred largely betweeditions and NPP at regional to global scales. At a global scale,
arid regions in the mid-latitudes and the cold humid regionsl-, 3-, 6-month SPEIl and NPP are positively and significantly
boreal in northern latitudes where NPP and SPEI were correrelated, confirming the results of Zhao and Running (2010).
lated positively or negatively, respectively. We divided the global land surface into different regions
Global terrestrial ecosystem growth is mainly controlled based on the Kdppen climate classification. SPEI and NPP
by radiation, temperature and water availability (Nemani etshow significant and positive relations in the arid and sea-
al., 2003). The arid regions suffer more strongly from wa- sonally dry in temperate and equatorial zones regions. In
ter deficits while in those areas radiation and temperature areontrast, SPEI and NPP in cold regions in the boreal North-
generally not important limiting factors. For instance, in the ern Hemisphere exhibit a negative relation. At grid level,
western United States, where long-term aridity changes siggrids with a significant positive relation occurred more often
nificantly with a warmer climate (Cook et al., 2004), SPEI than those with a negative relation. At a global level, conse-
and NPP exhibited significant correlations (Fig. 4i). In con- quently, NPP and SPEI are mostly coupled and in phase.
trast, in boreal regions, temperature plays a more important Our study demonstrates that at annual timescale NPP vari-
role in explaining NPP variability (Reichstein et al., 2007b). ance is strongly correlated to the variability in dry and wet
It is important to note that apart from the arid regions, mostcondition as expressed by the drought index SPEI. Using a
of seasonally dry regions also show positive relations be-drought index appeared an effective way to estimate the im-
tween NPP and SPEI, particularly if the dry season occurgpact of drought on NPP. The spatial non-uniform pattern of
within the growing season, i.e. the winter dry equatorial re-drought impact on NPP should be taken into account in fur-
gions (AWAF, AWEA and AWSA) and temperate summer ther analysis and may serve as benchmark for global vege-
dry regions around the Mediterranean (CSEA). tation models (Sitch et al., 2008). Our results demonstrate
Two regional droughts are important to test the robustnesshat the strong correlation between global NPP and drought
of our results and serve as case studies: the 2003 Europedound by Zhao and Running (2010) is a composite of the
heat wave and the 2005 Amazon drought. Vegetation growttinherent positive relations in global extend dry regions (arid
over most areas of Europe is generally presumed to be limand seasonal dry) and some extreme drought events in humid
ited primarily by temperature and radiation (Nemani et al., areas. Further work in comparing the correlation between
2003). However, we did find strong NPP and SPEI negativeseveral drought indices and NPP may be able to elucidate
anomalies during 2003 (Fig. 4m) that present a substantiamore clearly some of the contrasting results between previ-
change from previous years. This implies that the net effecbus studies (e.g. Zhao and Running, 2010).
of temperature, radiation, and water limitation on NPP de- From our analysis we cannot unequivocally set a thresh-
pends primarily on the intensity of drought. This highlights old to define the drought impact on ecosystems. However,
the sensitivity of the ecosystem carbon cycle in these areas twith global climate change expected to lead to more frequent
climate variability, in particular extreme drought and rainfall droughts (Dai, 2012; Sheffield et al., 2012), we can expect
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further large regional declines in NPP to occur. How these areekstrom, M., Jones, P. D., Fowler, H. J., Lenderink, G., Buishand,
counterbalanced by areas with increases in NPP, or whether T. A., and Conway, D.: Regional climate model data used within
they lead to an overall negative trend in NPP, can only be the SWURVE project - 1: projected changes in seasonal patterns
studied by increased monitoring of droughts and NPP, prefer- and estimation of PET, Hydrol. Earth Syst. Sci., 11, 1069-1083,

ably through satellite remote sensing (Dolman and de Jeu, 90i:10.5194/hess-11-1069-20@007. o
2010). Gobron, N., Belward, A., Pinty, B., and Knorr, W.: Monitoring bio-

sphere vegetation 1998—-2009, Geophys. Res. Lett., 37, L15402,
doi:10.1029/2010GL04387@010.
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