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Abstract. The effects on climate of land-cover change, pre- thereby address gaps in our understanding of the effects of
dominantly from the conversion of forests to crops or grass-Hand-cover change from tall to short cover types in temperate
land, are reasonably well understood for low and high lati- climates. To do so, we analyse climate and vegetation data,
tudes but are largely unknown for temperate latitudes. Thancluding a new vegetation height data set, collected during
main reason for this gap in our knowledge is that there arehe West European 2003 extreme drought.
compensating effects on the energy and water balance that Summer (June, July, August) 2003 temperatures over Eu-
are related to changes in land-surface albedo, soil evapa-ope were probably the warmest since 15Q@térbacher
ration and plant transpiration. We analyse how vegetatioret al, 2004 Garcia-Herrera et al2010, with periods of
height affected the response of vegetation during the 2002xceptional heat occurring in June and early Aug&sh@r
European drought using precipitation data, temperature datat al, 2004 Garcia-Herrera et al2010. Over large areas
normalized difference vegetation index data and a new vegdJA temperatures exceeded the 1961-1990 averag&da3
etation height data set obtained from the Geoscience Laseralue equivalent to 5 standard deviations above the 30 yr JJA
Altimeter System (GLAS) on the Ice, Cloud and land Ele- average $chér et al.2004. It is estimated that the heatwave
vation Satellite (ICESat). At the height of the 2003 drought contributed to the global atmospheric £@rowth rate Ciais
we find for tall vegetation a significantly smaller decreaseet al, 2009, led to a reduction in crop growth and caused an
in vegetation index and a smaller diurnal temperature (DTR)estimated 40 000 extra death@arcia-Herrera et al2010.
range, indicating less water stress and drought impacts oA key component in the amplification and persistence of
tall vegetation. Over Germany for example, 98 % of signif- the heatwave was a spring precipitation deficitdw et al,
icant correlations showed a smaller anomaly in vegetatior2009 followed by low spring soil water content resulting in
index anomaly with greater height, and 95 % of significant reduced evapotranspiration, reduced latent cooling, and in-
correlations showed a smaller DTR with greater vegetationcreased sensible heat fluxésscher et al.2007).
height. Over France the equivalent percentages were 94 and The extreme conditions of summer 2003 had a significant
88 %, respectively. Vegetation height is likely associated withimpact on biomass productivity over much of Europe with
greater rooting depth, canopy heat capacity or both. Our redependencies on geographic location, topographic elevation,
sults suggest that land-surface models can be improved bgnd vegetation type as revealed in a variety of modelling
better estimates of vegetation height and associated with thiand observational studie&¢bron et al.2005 Coret et al,
a more realistic response to drought. 2005 Jolly et al, 2005 Lobo and Maisongrand@006. Veg-
etation was affected as early as March in northern France,
Belgium, the Netherlands, Luxembourg and Germany, and
the impact spread east and south through the sum@er (
1 Introduction bron et al, 2005. In southwestern France different vegeta-
tion types were shown to respond differently to the drought,

In the present study we aim to obtain a better understandingyith forests being less affected than either meadows, spring
of the drought response of vegetation in western Europe and
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wheat or maizeQoret et al.2005. Zaitchik et al(2006 also  cover is likely Betts et al.2001a b; Thomas and Rowntree
found that in France the vegetation response to the drought992 Bonan et al.1992, seeBonan(2008 for an overview.

and heatwave was clearly a function of land-cover type, with  Much larger uncertainties exist when it comes to assessing
the impact showing earlier, and becoming more severe, fothe effect of land-cover change in temperate regions. A re-
crops and pastures than for forests. The difference was greatent comparison of seven land-surface models highlights the
est at the height of the heatwave in mid-August. Water stressincertainty in the effects of tall versus short vegetation on the
as measured by the difference between precipitation and pcenergy and water balance in temperate latitudes. Five models
tential evapotranspiration, was shown to be a major factorshowed a cooling during summer as a result of land-cover
in the geographic distribution of vegetation response to thechange, one model a warming, and one showed no signifi-
north and south of the Pyrenedsobo and Maisongrande cant responsePitman et al.2009. The differing responses
2006. However, at high altitudes, in the Swiss Alps for ex- of the models were attributed to differences in the descrip-
ample, the reduced snow cover meant that photosynthetic adion of processes such as shading effects and albedo effects
tivity actually increasedJplly et al, 2009. as well as differences in estimates of land-cover change.

The importance for climate in understanding the vegeta- Vegetation response to drought is likely to have a height
tion response to drought lies in the potential feedbacks bedependence. An analysis of European flux-tower siteslf
tween vegetation and the atmosphere. Changes in evapotramg et al, 2010 showed that, at the beginning of the
spiration, albedo and aerodynamic roughness associated witt003 heatwave, grassland and herbaceous vegetation damp-
changes in vegetation (e.g. canopy cover and shape, stonened local increases in temperature associated with in-
atal closure, change in leaf angle, number of leaves, andreased radiation and reduced precipitation via enhanced
variations in vegetation height) affect the transfer of energy(evapo)transpiration. As soil water was depleted by the evap-
and water between the land surface and atmosphere. Variougative demand, temperatures started to increase. Tall veg-
studies find that vegetation plays a role in recycling wateretation on the other hand showed an initial larger increase
from the land to the atmosphere through evapotranspiration temperature but this was subsequently dampened because
which is then returned in the form of precipitatiddimeyer, the closed canopy shelters the soil from solar radiation and
1994 van den Hurk et a]2003. Fischer et al(2007) estab-  this reduces soil evaporation and forms a barrier for water
lished that soil-moisture depletion propagated the severity ofapour flux from the canopy layer to the atmosphéreu(-
the 2003 drought. Vegetation, in regulating the transfer of soiling et al, 2010. In addition, tall vegetation probably has
moisture to the atmosphere is therefore potentially an imporaccess to deeper soil water. Across all biomes on a global
tant factor in mitigating or enhancing the effects of a drought.basis the average maximum depths at which trees, shrubs,

Land cover in western Europe has changed significantlyand herbaceous plants are able to grow roots arg 7.2 m,
over the past two millennia; original vegetation cover, for 5.1+ 0.8 m, and 2.6 0.1 m, respectively Ganadell et al.

a substantial part consisting of trees, has to a large extert996. Schenk and Jacksd20023 also found a strong pos-
been replaced by short vegetation, predominantly pasture anitive relationship between above-ground biomass size and
crops. Land-cover change continued during the 20th centuryoth rooting depth and lateral spread of root systems.
as agriculture became more mechanized and efficient and The aim of the present research is to explore the response
small parcels of land were merged into large parcels. Dur-of vegetation to drought in Western Europe in further detail.
ing the past decades the declining trends in forest cover havin particular we wish to (1) investigate whether vegetation
reversed with a proportion of agricultural land being taken height is associated with greater drought tolerance of veg-
out of production and converted to natural lakdiefn Gold- etation across Europe; this was suggested to be of impor-
ewijk and Ramankutty2004). For some time there has been tance by a local analysis of flux-tower sitége(ling et al,
intense speculation on the effect of land-cover change on cli2010, and (2) explore mechanisms to explain variations in
mate, e.gSagan et al(1979 suggest that the conversion of drought tolerance of vegetation, with a focus on associa-
land was accompanied by changes in albedo and that theg®ns between vegetation height, greater rooting depth and
likely affected the regional climate. Conversion of land may increased canopy heat capacity. We use a new data set of
have an impact on the atmosphere and several regions hawegetation heights from the ICESat GLAS instrument to ob-
been identified where feedbacks between vegetation and préain continuous measures of vegetation height and reveal the
cipitation are likely to occur. One such region is the Sahel, thediffering responses of short and tall vegetation to the 2003
region south of the Sahara, where both models and observatought across Europe. We use a range of data sets in ad-
tions indicate a positive feedback between vegetation greendition to the vegetation heights: MODIS Normalized Dif-
ness and precipitatiolCharney et aJ.1977% Los et al, 2006 ference Vegetation Index (NDVI) data — a measure linked
Xue et al, 2010. Another region where similar feedbacks to the amount of solar radiation absorbed for photosynthe-
have been identified in model simulations is the Amazon,sis and net primary productivity of vegetation, difference
e.g. Costa and Foley2000, whereas in high-latitude bo- in MODIS day and night surface temperature data that are
real forests a positive feedback between temperature and trdimked to variations in canopy heat capacity, precipitation
data, reanalysis temperature data and land-cover type from
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the CORINE database. We analyse how the response of vegéSTs are a measurement of radiometric surface tempera-
tation to the 2003 drought as manifested in the NDVI and thetures, not air temperatures, and rely on a knowledge of the
diurnal temperature range (DTR) is affected by land-coversurface emissivity. Remotely sensed temperatures are often
type and vegetation height. We also use databases of rootingferred to as skin temperatures because they are measured
depth Schenk and Jacksp8002h 2009 Hall et al, 2009 from a very thin surface layer (top leaves, top of bare soll
and soil-moisture availabilityKleidon, 2012, Kleidon and  or both). Use of DTRs has the advantage that the impacts of
Heimann 1998 Hall et al, 2006 to test the hypothesis that (predominantly spatial) variations in emissivity are smaller
the differing responses are driven by access to soil moisturein DTRs than in surface temperatures.
Vegetation heights were based on 2003-2009 data from

the Geoscience Laser Altimeter System (GLAS) on the Ice,
2 Data Cloud and land Elevation Satellite (ICESaRdsette et al.

2008 Los et al, 2012. Heights are estimated from each
Nine-tile mosaics of MODIS Terra NDVI (MOD13A2) Col- GLAS measurement, which has an along-track sampling rate
lection 5 were downloaded for the period 2000 to 2012. Theof 172 m and footprints of approximately 70 m in diameter,
NDVI is expressed as the difference between reflected solaand are filtered to eliminate spurious observations, e.g. data
radiation in the infra-redd2) and red p;) wavelengths nor-  that are affected by clouds, atmosphere and steep tekm@sn (
malized by their sum: NDV4= (p2—p1)/(02+p01). Temporal  etal, 2012. We make use of both point data and gridded data
changes in NDVI are proportional to temporal changes in fA- consisting of the 90th percentile of vegetation heights aggre-
PAR (Sellers 1985 Myneni and Williams 1994, and vege-  gated into (6° x 0.5° bins.
tation net primary productivity. The NDVI fields are ata spa-  In order to investigate the effect of vegetation class on the
tial resolution of 1000 m and cover the area shown in Eig. response to drought in 2003 we use the Version 16 Corine
The data were screened using the quality flags to remove pixtand Cover 2000 (CLC2000) 250 m raster d&&A, EEA
els having an overall usefulness of 11 — this excludes pixelglata service The legend and the grouping into tall and short
with high aerosols, clouds or adjacent clouds, and possibleegetation types is summarized in Talile
cloud shadowsYamanta et gl2010. The MODIS NDVI International Satellite Land-Surface Climatology Project
16-day composites were linearly interpolated in time to fill (ISLSCP) Initiative |l data sets of rooting deptSahenk
gaps in the data that resulted from the quality screeningand Jackson2002h 2009 Hall et al, 200§ and soil wa-
Anomalies for all 16-day periods were computed relative toter availability Kleidon, 2011, Kleidon and Heimanyil998
their 2000 to 2010 average. Hall et al, 2006 were downloaded from the Oak Ridge Na-

ECMWF ERA-Interim monthly means of daily 2m air tional Laboratory Distributed Active Archive Center. The
temperature at a spatial resolution of 2L\Wwere obtained data sets are at a spatial resolution of°lald based on
from the ECMWF Data Server. The data were projected torooting depths collected from existing literature; over 550
the MODIS Sinusoidal projection, and were scaled spatiallysamples from more than 300 locations were included in the
to 1km resolution using B-spline smoothing, and scaled indatabase§chenk and Jacksp2002h 2003. Rooting-depth
time by averaging to produce fields of mean temperature fomeasurements were limited to the first 3 m of soil. Soil water
the 32-day period prior to each 16-day NDVI composite. availability is a modelled product derived for average clima-
Anomalies for the resulting 32-day means were computedological conditions and is based on the assumptions either
relative to the 2000-2010 meaBdfrisford et al.2011). that vegetation has adapted to the environment and makes

Global Precipitation Climatology Project (GPCP) One De- optimum use of water (optimizationiK{eidon and Heimann
gree Daily Precipitation Data Set#iffman et al, 2001, 1998 Hall et al, 2006 or that green vegetation indicates that
2009 20117, were used to generate fields of precipitation sufficient water is available for transpiration (assimilation)
anomalies relative to their 2000—2010 mean. The data weréKnorr, 1997).
projected to the MODIS Sinusoidal projection and were spa-
tially scaled using the same B-spline method as applied to
the temperature data. The daily data were accumulated foB Results
the same 32-day periods as the temperature data, i.e. each
period ends on the starting date of the next NDVI composite.Similar to previous research (e faitchik et al, 2006 Re-

The DTRs were calculated by subtracting night-time from ichstein et al.2007) our analysis starts by investigating the
day-time MODIS Agua land surface temperatures (LSTs,evolution and distribution of the vegetation response to the
MYD11A2). These data are 8-day clear-sky averages ovemeteorological conditions of summer 2003. Figtrehows
the 8 days commencing with the data set date, and have thine NDVI anomalies, deviations from the multi-year mean
same coverage and spatial resolution as the NDVI productsignificant at the 95 % level, for the 16-day composite pe-
The day-time overpass was between 13:40 and 13:50 LT foriods beginning on 23 April, 26 June and 29 August 2003.
the region analysed. Data were visually inspected and no furApril 2003 shows positive NDVI anomalies for central and
ther quality control was deemed necessary. Remotely senseghstern France, West Germany, the Alps, Northwest Spain

www.biogeosciences.net/11/2897/2014/ Biogeosciences, 11, 28008-2014
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Figure 1. Anomalies in MODIS NDVI for(a) 23 April 2003,(b) 26 June 2003(c) 29 August 2003. The anomalies are relative to the mean
for that date over the period 2000-2010.

Table 1. Corine land-cover classes 200BHA, EEA data service  tion of each parameter we calculate the Pearson’s correla-
contributing to the short and tall vegetation groupings discussed intion coefficient ®) between NDVI anomaly and tempera-

the text. ture anomaly, and between NDVI anomaly and precipitation
. - anomaly for the summer months of June, July, August and
Group  Corine Level 2 class Corine September over the period 2000 to 2010. The precipitation
CLC_CODE and temperature anomalies are based on the 32-day periods
Short  Artificial, non-agricultural 141, 142 described earlier, and summer correlation values are highest
Arable land 211-213 when considering the month immediately prior to the NDVI
Permanent crops 221-223 observation compared with other time lags. Fig2aeand b
Pastures . 231 show the results (where significant at 95 %) for the 1 month
Heterogeneous agricultural areas  241-244 lag and indicate that, for much of Europe, summer (JJAS)
Scrub and/or herbaceous 321-324

NDVI is positively correlated with precipitation and nega-
tively correlated with temperature.

We confirm higher absolute correlations between summer
precipitation and summer NDVI than absolute correlations
between summer temperature and NDVI by inspecting his-

and Portugal and northern Scotland associated with the warrfP9rams of probability density, and quantile—quantfe-Q)

early spring (Figla) (Zaitchik et al, 2006. Large negative plots of the squares of the gorrelatiop cg_efficients. The dif-
NDVI anomalies appear first in central France in mid-Juneferences are small, but statistically significant (R3y. The

and advance to the north, south and east during the Sunpositive correlations of NDVI with precipitation and negative

mer eventually including Northwest France, parts of Ger-Correlations with temperature confirm the findingsLinbo
many and the eastern UK (Figb). The most intensive and Maisongrand@006, based on data from 1999 to 2003,

and widespread anomalies are apparent from mid—Augustthat much of the geographic structure in NDVI anomaly for
(Fig. 1c). By this date, significant negative anomalies are ob-2003 is governed by atmospheric water stress as measured

served over much of central Europe, excluding the Iberianby the difference between precipitation and potential evapo-

Peninsula and the western parts of the UK. Areas less aftanspiration. , ,

fected by the drought are southern Italy, Scandinavia and. "€ results of our analysis for the extended period of

the high-elevation regions of the Alps. The large negative2000—2010 of temporal anomalies and analysis of precipi-
fation versus vegetation correlations and vegetation versus

anomalies in central Portugal have been attributed to fores lati il h f . d
fires Reichstein et a12007). temperature correlations are similar to those of previous stud-

Research has suggested that overall, reductions in Eurdes- In the folloyving it is explored how vegetation stress, ex-
pean gross primary productivity (GPP) during the Summerpressed as anincreased DTR or decreased NDVI, depends on

of 2003 correlate better with decreased rainfall than Withvegetation_ heigh.t. .
increased temperatur€iais et al, 2005 Reichstein et al. Vegetation height estimates based on GLAS data are re-

2007, although decreased rainfall and increased temperat-r!eve_d at_ intervals_along the. IC_:ESat tracks as shown in
tures are clearly often linked. To investigate the contribu-F19-5: typical sampling rates within a 50 k50 km square

vegetation associations
Tall Forests 311-313

Biogeosciences, 11, 2897908 2014 www.biogeosciences.net/11/2897/2014/
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Figure 2. (a)Correlation coefficient (Pearsorfs where significant ~ Figure 4. (@) An example of the distribution of vegetation height

at 95 %) between the anomaly in GPCP precipitation accumulated@t@ points within a S0km square. The square corresponds to the
for the preceding 32 days and the anomaly in MODIS NDVI for all ©n€ indicated in Fig6 and the underlying image is the NDVI
June, July, August and September NDVI, over the period 2000 tgnomaly for 29 August 2003b) Scatter plot of the data i(e).
2010. All anomalies are relative to the mean for 2000-2¢4)0The The correlation coefficient (PearsorR3 for this square is 0.56.

same as fofa) except that the correlation is between ERA-Interim

2m air temperature and MODIS NDVI.

of browning, and inferred reduction in GPP, than taller vege-

tation.
o . vt Guantie ot The magnitude of the correlation between vegetation
| B Tomporahre v e height and NDVI anomaly over Europe, for the period under

0.8

consideration, increases with precipitation deficit and with
temperature anomaly. Figuréshows the correlation as a
function of precipitation deficit under regions experiencing
temperature anomalies of #C, +2°C and +3C.
As an alternative test of the relationship between vege-
tation height and response to drought we make use of the
‘ : Corine Land Cover classes. For each vegetation height point
00 02 04 05 08 o5 @ & o8 oe we also extract the CLC2000 class and separate the associ-
) R (B) Ao and precpraton ated NDVI anomalies into two groups according to CLC2000
class. Group 1 includes land cover classes 10 to 22 which are
sub-classes of “Artificial, non-agricultural vegetated areas”,
“Arable land”, “Permanent crops”, “Pastures”, “Heteroge-
neous agricultural areas”, and 26 to 29, “Scrub and/or herba-
ceous vegetation associations”, Group 2 includes classes 23
to 25, “Forests”. Within each 50 km square we usetast
in Germany are shown in Figd. For every vegetation height to decide whether the mean NDVI anomaly is significantly
data point we extract the corresponding NDVI anomaly for lower (i.e. more negative) for Group 1 than for Group 2. The
29 August 2003. This method means that, as can be seen falifferences in mean NDVI anomaly between Group 1 and
example in Figda, the same NDVI anomaly may be matched Group 2 are shown in Fig8. A comparison of Figs6 and
to more than one vegetation height point. Then, for every8 shows that the distributions and relative strengths of the
50 kmx 50 km square throughout the study region we calcu-relationships between NDVI anomaly and either vegetation
late the correlation coefficient (Pearso®} between vege- height or vegetation class are very similar.
tation height and NDVI anomaly, as, for example, shown in  Our working hypothesis is that tall vegetation has deeper
Fig. 4b. These correlations are mapped in FéggFor east- roots and therefore has access to a larger amount of soil
ern France, and most of Germany, the Netherlands, Belgiunmoisture at greater depths. The greater availability of wa-
and areas to the north and south of the Alps there is a smalier would lead to a larger heat capacity of the canopy and a
but significant and regionally coherent positive correlationsmaller DTR Collatz et al, 2000. The DTR, obtained from
between vegetation height and NDVI anomaly. Over Ger-MODIS data, is correlated with vegetation height similar to
many, 98 % of correlations significant at the 95 % level arethe approach adopted for the NDVI. In August 2003 we find
positive, with 75 % greater than 0.2. Over France, 94 % area negative correlation between vegetation height and DTR
positive with 46 % greater than 0.2. A positive correlation in- (Fig. 9) over much of central and western Europe. Over Ger-
dicates where short vegetation experiences a greater degreeany, 95 % of correlations significant at the 95 % level are

Probability density
06

IS
HZ(NDVI and temperature)
04

0.2

Figure 3. (a) Histogram of the squares of the correlation coeffi-
cients in Fig.2. (b) Quantile—quantile plot of the squares of the
correlation coefficients in Fig.

www.biogeosciences.net/11/2897/2014/ Biogeosciences, 11, 28008-2014
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Figure 5. ICESat GLAS derived vegetation heights. The underlying Figure 6. Correlation coefficient (Pearson® where significant at
image is NDVI for 29 August 2003. Each point represents a height95 %) between vegetation height and NDVI anomaly for 29 August
retrieval from data collected between 2003 and 2009, with an along2003, within 50 km squares. The square outlined in black in Ger-
track sampling rate of about 172 m. Heights greater than 15 m arenany corresponds to that used in Fg.and b.

in red.

©

[=)
negative, with 78 % less than0.2. Over France, 88 % are
negative with 51 % less than0.2. Thus during the 2003 Eu- =+
ropean drought taller vegetation is associated with a smaller
anomaly in leaf area index, a smaller DTR and likely a larger s

canopy heat capacity and moisture availability. Other (non-
drought) years did not show a variation in DTR or NDVI o 8
anomaly with canopy height (Appendix A). e
It is not possible to confirm the proposed relationship be-
tween rooting depth and vegetation height using the ISLSCP
data set (FigslOa—c). Both the 1 x 1° extrapolated rooting- T L
. h o anom > 1deg C
depth data $chenk and Jackspr2009 and climatologi- . + T anom > 2 deg C
cal soil water availability estimate&igidon and Heimann + Tanom>3degC | +
1998 Kleidon, 2011 show a negative relationship with veg-
etation height. Rooting-depth observations from the global
database of root profiles show a weak negative relationship
with vegetation height (FiglOc); the regression line is not 32-day Precipitation anomaly (mm)
significant. The density of the root measurements is insuf-
ficient to analyse the relationship with vegetation index andFigure 7. The correlations between vegetation height and NDVI

DTR over short distances similar to our analysis of vegeta-anomaly R) as mapped in Fig6 against the precipitation anomaly
tion height. over the preceding 32-day period. Coloured data points repr&sent
values under varying magnitudes of temperature anomaly.

-0.2

0.4

-0.6

I I I I I I I
-80 -60 -40 -20 0 20 40

4 Discussion

Our results (Fig6) show that for much of Europe tall veg-
In order to understand the impact of mid-latitude land-coveretation experienced less browning under the 2003 drought
changes under future climate warming and drought, land-indicating a greater degree of tolerance to extended drought
atmosphere feedbacks involving albedo, soil moisture andstress than short vegetation. The greater the temperature
the vegetation canopy must be considered. anomaly the more marked was the height-conferred tolerance

Biogeosciences, 11, 2897908 2014 www.biogeosciences.net/11/2897/2014/



S. L. Bevan et al.: Vegetation response to the 2003 European drought 2903

Figure 8. Mean NDVI anomalies for data points in Corine Land Figure 9. Correlation coefficient (Pearson® where significant at
Cover (CLC) group 1 minus mean NDVI anomalies for data points 95 %) between vegetation height and diurnal temperature range for
in CLC group 2, where the mean difference is significant at the 95 %day 5 August 2003, within 50 km squares.

level. See text and Tablefor a description of groups 1 and 2.

than any albedo changes. Thus vegetation height or param-

for drought effects (Fig7). The same variation in drought eters linked to vegetation height are dominant in explaining
tolerance is shown between different vegetation classes, witthe tolerance of vegetation to drought.
forest classes showing a greater tolerance than the group of The mechanisms whereby tall vegetation is both able to
classes including crops and pastures. This tolerance of tallesist drought and modify heatwave DTRs may include ac-
vegetation to drought suggests that, for Europe, an increaseess to deeper soil water or more effective water conservation
in forest cover will help to mitigate the effect of predicted through reduced evapotranspiration, for example by canopy
climate change on biomass production. shading of the soil or by increasing canopy resistance to wa-

The negative correlation between vegetation height ander vapour flux into the atmosphere. Stomatal closure at the
DTR is an effect that does not persist under non-droughtbeginning of the drought could help to conserve water which
conditions. An inspection of the geographic distribution of would lead to a larger supply of water at later stages of the
the correlation for 2002, 2003 and 2004 shows interannuabtrought. It is unlikely to be a factor during later stages of
variability in the effect which closely corresponds to MODIS the drought since it would lead to a reduction in latent heat
LST and also generally to GPCP precipitation anomaly pat-and an increase in DTR, unless loss of water to the canopy
terns (Appendix FigsA1-A3), particularly over northwest- air space by stomatal closure is compensated by the higher
ern Europe. Further east, over Poland, the weaker correlatioaerodynamic resistance of the canopy.
even in 2003, may be a function of the dominance in this re- The ISLSCP rooting-depth dat&¢henk and Jackspn
gion of taller vegetation (Figl0d) masking any statistically 2009 showed a negative correlation of vegetation height
significant signal. Over Spain the signal appears more persisaith both rooting depth and soil water availability to plants
tent, possibly owing to generally drier soil conditions. (Fig. 10a and b). The individual global rooting-depth ob-

Zaitchik et al.(2006§ andTeuling and Seneviratn@008 servations did not allow any conclusions to be drawn on
found total short-wave albedo effects for Europe to be min-the relationship between vegetation height and rooting depth
imal under water-stress conditions owing to compensatingFig. 10c). There are potential limitations to the rooting-
physiological effects at visible and near-infrared wavelengthsdepth data sets. Observations of rooting depth are usually
for all vegetation types. Additionally, the apparent ability of limited to the first 3m of soil $chenk and Jacksp2009
tall vegetation to dampen the DTR under drought and heatand do not include estimates of the maximum rooting depth
wave conditions in comparison with short vegetation (Bjg. or of the length of taproots which are essential for vegeta-
suggests that, in Europe, increasing forest cover will have dion to access water at even greater depths. Other studies
moderating effect on local climate which is more significant determining maximum rooting depth for different vegetation

www.biogeosciences.net/11/2897/2014/ Biogeosciences, 11, 28008-2014
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Figure 10. (a)ISLSCP 90th percentile rooting depths from the global gridded pro@atignk and JackspB009 against collocated 90th
percentile gridded GLAS vegetation heighffs) ISLSCP modelled soil water availability (Kleidon, 2011) against 90th percentile gridded
GLAS vegetation heights. Dark circles represent the assimilation product and light circles the optimization pepd@ihet95th percentiles

of individual root-depth observations against collocated 90th percentile gridded GLAS vegetation l@jditith percentile gridded GLAS
vegetation heights used in the scatter plots; the stars mark the locations of the root profile observations.

type (Canadell et a).1996 Schenk and Jacksp20023 sup- resistance to transport of water vapour from the canopy air
port our hypothesis that taller vegetation is linked with larger space into the overlying atmosphere. The second process in-
rooting depth. Another potential limitation to the global root- creases the humidity of the canopy air space and thereby in-
ing depth data is that interpolation of rooting depth on land-creases its heat capacity. Our study does not allow the quan-
cover classifications in some cases have problems in distintification of the effects of roots and greater access to deep
guishing between broad-leaf trees and cr&fsepan1999. soil water on the one hand and the effects of a tall closed
We find a negative correlation between vegetation height andanopy and associated greater heat capacity on the other, al-
soil water availability (Fig.10c). The soil water availabil- though these two factors are likely to occur simultaneously.
ity is derived for mean climatological conditionkléidon However, the DTR is most sensitive to temperature variations
and Heimann199§ Kleidon, 2011) and for these conditions in the top leaves of the canopy where the effects of evapora-
taller vegetation has access to a continuous supply of watetion and water availability play an important role. This would
and so less storage of soil water is needed to maximize prosuggest that greater water availability to tall vegetation is an
ductivity. important factor in explaining its greater drought tolerance.

A tall, closed canopy with a large amount of leaf biomass
reduces evaporation by shading of the soil and increases the
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5 Conclusions Our results suggest that land-surface models would benefit
from the inclusion of maximum rooting depth as a parameter
The 2003 drought provides an opportunity to explore differ- put that existing global data sets, which include root depths
ences in the response of short and tall vegetation to an exonly down to 3m, may be inadequate. We find that over Eu-
tended period of water stress. For tall vegetation we find lessope the geographic distribution of root depths within these
negative anomalies in NDVI and lower values for the DTR global data sets does not accurately reflect the relationship
than for short vegetation. The associations shown here poingetween vegetation height and root depth.
towards the importance of soil water availability or a closed
canopy. Both effects increase the availability of water vapour
in the canopy air space and can explain the relatively modest
reductions in NDVI and smaller DTR.
Based on the results of our present analysis we would
expect warmer conditions for the summer for a land-cover
change simulation where tall vegetation is converted to short
vegetation with an important caveat that the comparison of
land-surface models itman et al(2009 did not pertain to
a drought. A simulation of the 2003 drought with the inves-
tigated models would likely reveal whether the response of
tall versus short vegetation is correctly represented within the
models. It is also likely that for Europe, land-cover changes
resulting in more short vegetation would amplify future sum-
mer heatwaves and droughts compared with increasing areas
of tall vegetation.
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Appendix A: DTR-vegetation-height correlations, and
climate anomalies

(2)

Figure Al. Correlation coefficient (Pearson®, where significant at 95 %) between vegetation height and diurnal temperature range for 5
August(a) 2002,(b) 2003,(c) 2004. Dark grey indicates areas not investigated or areas vithisraot significant.

© EEET e
1

Figure A2. MODIS Aqua daytime land surface temperature anomalies relative to the 2002—-2012 mean for 5(@u2QBE2,(b) 2003,(c)
2004.

(b)
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Figure A3. Global Precipitation Climatology Project (GPCP) precipitation anomalies relative to the 2000-2010 mean, accumulated for the
32-day period prior to 5 Augugh) 2002,(b) 2003,(c) 2004.
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