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Abstract. In order to simulate long-term water balances hy- comparable results regarding the water balance. Although
drologic models have to be parameterized for several typeshere are no significant changes in modeled mean annual
of vegetation. Furthermore, a seasonal dependence of veg@vapotranspiration and runoff depth in climate change sce-
etation parameters has to be accomplished for a successfahrios, mean monthly values of these water balance compo-
application. Many approaches neglect inter-annual variabil-nents are shifted toward a lower runoff in spring and higher
ity and shifts due to climate change. In this paper a morevalues during the winter months.
comprehensive approach from literature was evaluated and
applied to long-term water balance simulations, which incor-
porates temperature, humidity and maximum bright sunshine
hours per day to calculate a growing season index (GSI). AL Introduction
validation of this threshold-related approach is carried out
by comparisons with normalized difference vegetation in- The global water cycle and vegetated land surfaces interact
dex (NDVI) data and observations from the phenologicalin a very complex way. Different types of computer mod-
network in the state of Lower Saxony. The annual coursesls have to account the role of vegetated surfaces in the sys-
of GSI and NDVI show a good agreement for numeroustem of soil, vegetation and atmosphere. While Global Cir-
sites. A comparison with long-term observations of leaf on-culation Models (GCM) are in use to predict future climates
set and offset taken from the phenological network also re4n response to changing greenhouse gas concentrations, Re-
vealed a good model performance. The observed trends irgional Climate Models (RCM) provide future trends at the
dicating a shift toward an earlier leaf onset of 3 days permesoscale. Water resources managers are interested in reli-
decade in the lowlands were reproduced very well. The GSkble information about future availability of water resources
approach was implemented in the hydrologic model Pantabased on hydrologic models with input data from RCM. All
Rhei. For the common vegetation parameters like leaf areshese different models have to be parameterized for several
index, vegetated fraction, albedo and the vegetation heightypes of vegetation. For this reason, model developers pro-
a minimum value and a maximum value were defined forvide extensive look-up tables for their models. Both, model
each land surface class. These parameters were scaled witlevelopers and also users are concerned with questions about
the computed GSI for every time step to obtain a seasonadn annual dependence of vegetation parameters. It is ques-
course for each parameter. Two simulations were carried outionable whether these tables are valid for long-term simula-
each for the current climate and for future climate scenariostions under changing climate conditions.
The first run was parameterized with a static annual course of The observed climate change in the 20th century is mainly
vegetation parameters. The second run incorporates the newflected by increasing temperatures. Affecting particularly
GSl approach. For the current climate both models producedhe cryosphere, the observed trend in temperatures can lead
to decreasing ice masses stored in glaciers as well as earlier
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16 K. Forster et al.: Weather dependent vegetation parameters for water balance simulations

melt and thus can cause a significant change in water availeollected observations of the entire globe to create a map of
ability (Barnett et al.2005. Despite this very apparent in- the earth which depicts the spatial distributions of limiting
fluence of a changing climate, there is also evidence thafactors for plant growth.

climate affects vegetation and vice versa. Many time series This paper addresses the applicability of the GSI approach
of phenological observations are characterized by a signififor water balance simulations on the meso- and macroscale.
cant shift toward an earlier beginning of the growing seasonEnhancements considering agriculture with a harvest ap-
(Chmielewski et a].2004). These trends are not as apparent proach are presented. Since the GSl is dependent on climate,
as the mentioned changes in the cryosphere but changes the influence of a changing climate on the water balance can
the biosphere have to be accounted by climatologists and hybe studied.

drologists Menzel(2007) argues, that phenology is likely the

easiest and best evaluated way to study the impact of climate

change on ecosystems. In this citation a shift of 1.2 to 3.82 Data and methods

days per decade toward an earlier leaf onset in North Amer-

ica and Europe is reported. 2.1 Study area

. Although there is little doubt abou_t chgngmg phenpphasesrhe study area is the state of Lower Saxony in northern Ger-
in response to the recent change in climate conditions, the

prediction of these interactions between climate and phenolmany' Most of Lower Saxony is located in the northem Ger-

ogy is challenging. A review on available types of phenologic g:; cpcizlsnt' :/r\llgIlsittjrt]r?err]r?rtg?trrgo?/aer:sls :ﬁ:g?fﬁetigvt/hrigj%rttgin
models is also given iMenzel (2007). Most models use ' P P

e ridges, especially the Harz mountains with elevations up to
temperature-dependent or statistical approaches to represe{nggo ma spl ThL)J/S different climates of central Europepare

spatial and temporal variability of plant properties. The alo'captured ranging from maritime to continental, from coast

plication of more comprehensive, physiological models lags . : S : . S
due to data availability and scaling issues to mountainous climates, which is especially interesting in

Statistical approaches benefit from remote sensing techr—esDeCt to phenology. For long-term hydrologic simulations

. . . = the upper Leine catchment (Reckershausen gauging station,
mques.'Chen and Dudhig2001) applleq a mont.hly flvg 321 kn?) in the south of Lower Saxony was chosen because
year climatology for the green vegetation fraction derived

- 0, 1 i i
from AVHRR (“Advanced Very High Resolution Radiome- the land-use (60 % agncgltural areas W'.th grain, rape and
ter’) observations in the Noah land surface model which iscorn as well as 20 % deciduous forests) is characteristic for

implemented in atmospheric models, e.g. in the Weather Ret—he whole study area. Even though the Leine catchment is

search and Forecast Mod&Kamarock et a12008. The re- a low mountain ridge catchment, the elevation ranges from
vised Simple Biosphere (SiB2) approa&e(lers et a].1996 about 140 to 400 ma.s.|
is parameterized by analyzing normalized difference vegeta ;
tion index (NDVI) data from AVHRR. Howevetdolly et al. 2.2 Observational data
(2003 argue that these “fixed vegetation phenology parameyigded datasets derived from meteorological observations
ters” neglect the characteristics of surface vegetation, whickyere available on a daily time steg#berlandt et a]2011).
can be accomplished by considering climate variables as prithese datasets include daily mean temperature, minimum
mary drivers. For example, the ecohydrologic model SWAT and maximum temperature, relative humidity, wind speed
(Neitsch et al. 2009 combines the heat unit theory with  anqg sunshine duration. Based on this input, daily GSI maps
management operations and a simple dormancy model conyere created for the study area. These maps were used to de-
sidering day length whereas the model WaSiM-EBdHulla  yjye the areal leaf onset for each year. Extensive phenological
and Jasper2007) offers different types of modeling ap- opservations were provided by the German Weather Service
proaches which also incorporate soil moisture shortage. Thepeytscher Wetterdienst) to validate GSI derived leaf onset
new Noah land surface model with multiparameterizationgates and to calculate trends. Areal observations of vegeta-
options (iu et al, 201]) includes a complex dynamic leaf tion conditions were obtained from satellite data. MODIS
model which describes carbon budgets. (Moderate Resolution Imaging Spectroradiometer) vegeta-
Jolly et al.(2009 suggest a simple approach which con- tjon indices 16-day L3 global 250 nH(ete et al. 2002
siders — despite of its simplicity — water vapor deficit and NasA| 2010 were available from the Terra satellite (begin-
potential bright sunshine hours in addition to temperature.ning in 2000) and the Aqua satellite (beginning in 2002) in

While at high latitudes with an oceanic climate the day lengthyjerarchical Data Format (HDF) which can easily be con-
is the limiting factor for plant growth, in arid regions wa- yerted to common GIS formats.

ter supply for plants is restricted. As a surrogaddly et al.

(2009 decided to account for water vapor deficit measure-2.3 The GSI approach

ments rather than precipitation observations. From the men-

tioned variables a so-called “growing season index” (GSI)The growing season index combines a set of relevant me-
was calculated. Based on these findidgdy et al. (2009 teorological variables which limit foliar phenology. Based
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on literature research the following variables on a daily time VPD [Pa]
step were incorporateddlly et al, 2005: minimum temper- 0 1000 2000 3000 4000 5000
ature Ty, water vapor pressure deficit VPD, maximum day : : : :
length (photoperiod)x. For each variable an index is cal-
culated, which depends on threshold limits (see EjgThe
lower boundary (min) of each variable indicates no pheno-
logical activity (index = 0) whereas the exceedance of the up-
per boundary (max) is related to unconstrained growth. Be-
tween these boundaries the index is linearly interpolated. For !
example, a minimum temperature e2°C (or below) in- ' ' ' .

Ty, IVPD, ity []

dicates no phenological activityXy = 0). If the minimum 2 0 2 4 6

temperature is above®®, no constraints are assumed and . . LY I["C] . .

iTyis1. o . - 10.00 1025 1050 10.75 11.00
Figure2 exemplarily illustrates how these variables limit t[h]

phenology seasonally. The green domain refers to the time of X

the year when the rr?aX|m_um day length (_phg_toperlod) Ieadﬁiig. 1. Index functions for minimum temperatui&y, water vapor
to dormancy. There is no inter-annual variability of the max- deficitiVPD and maximum day lengthy (Jolly et al, 2009, With
imum day length because it only depends on latitude of thgy,oqe vajues the GSI can be calculated with . (

site and the day of year. A mid-latitude site (as depicted) is in
general characterized by limitations as a result of short day

length during the winter. During springtime the day lengthin- | contrast to other land surfaces, water and ice, vegeta-
creases while minimum temperatures typically still limit leaf tjgn has relatively high NDVI values. Moreover, the NDVI
onset. On cold days in spring the minimum temperature in-is chlorophyll sensitiveluete et al.2002), which enables a
dex often falls below 0.5. For arid climates (not shown here)monitoring of the vegetation statéolly et al.(2005 showed
water supply shortage can significantly affect plant phenol-that poth variables are comparable. GSI derived vegetation
ogy. Finally, all index values are combined to obtain the states can therefore be validated by comparing with NDVI
growing season indexolly et al, 2003. When considering  time series. NDVI from MODIS MOD13 (Terra satellite)
the variability from day to day (as shown for the minimum and MYD13 (Aqua satellite) observations are also depicted
temperatures), it is evident that this variability would causein Fig. 2. Observations with highest reliability classification
distinctive fluctuations in the resulting GSI. Therefajelly have been considered to reduce uncertainty due to clouds
et al. (2009 propose a 21 days moving average of the GSlang snow. The rising limb of the GSI time series accords
to obtain a smooth course for further evaluation in order tOvery well to NDVI observations. The vicinity of @tingen
obtain the beginning and the end of the growing season. Ag|imate station is almost entirely agriculturally used. Thus,
a convention, in the following sections the GSl is a 21 day qye to harvest NDVI decreases earlier than the GSI which
moving average of the value derived by Et): ( only depends on meteorological variables. Following the ar-
. . . gumentation oftzerott and Kader{2000, this effect refers
GSl=iTy -iVPD-itx @ owinter crops. On the basis of this example with agricultural

Jolly et al. (2005 validated the GSI on a global scale influence it becomes evident that the original GSI approach

by comparing the GSI with satellite observations. For eachiS N0t applicable for agricultural use. A workaround to solve
climate station GSI time series were derived and comparedlis Problem is subject of the next section. At deciduous for-
to time series of the normalized difference vegetation index€St Sites a better agreement of both time series has been ob-

(NDVI). It was assumed that a comparison of observationsS€rved. The falling limb is also reproduced well by the GSI
on point scale and the corresponding pixel of satellite im-aPProach. These findings emphasize that the GSI approach

ages is feasible. The calculation of the NDVI from optical S @ suitable tool to predict the annual course of vegetation

satellite observations is a common approach to observe sp&arameters.
tial and temporal patterns of vegetated surfaces. Since ther
diative properties of vegetation differ when considering vis-
ible and near infrared, it is possible to distinguish betweenm order to use the GSI approach for hydrologic modeling the

vegetated and non-vegetated surfaces by evaluating differ- . . : ;
ent wavelengths. Hence, the NDVI is defined by incorporat-ongmal assumption of GSI 0.5 for leaf onset is extended by

) - . a day-degree approach for agricultural areas. If the GSI ex-
ing reflectance of visible (RED) and near infrared (NIR) i )
wavelengthsHiuete et al. 2002 Eq.2): ceeds a specified threshold, day-degree values are added up

until they reach a plant specific threshold (see éMiller
ONIR — PRED et al, 2001 which corresponds to harvest. Comparisons
(2) with NDVI observations showed that a value of 14@is

ai.4 Extensions to the original approach

NDV| = /= 7=
PNIR + PRED
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1.0 —-Beginning of spring from phenological observations (German Weather Service)
—Sen's slope (significant Mann Kendall test with significance level 0.05 )
—=-Beginning of spring calculated with GSI
—Sen's slope (significant Mann Kendall test with significance level 0.05 )
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Fig. 2. Time series of the GSI for observations frondténgen cli- 1950 1960 90 ear? 1990 2000 2010

mate station (agriculture, latitude 51°99, longitude 9.98 E) for

the entire year 2005. Filled areas indicate constraints due to lowsig. 3. Beginning of spring as observed (blue) and calculated (red)
minimum temperatures, high water vapor deficit values or short dayor three different sites in Lower Saxony.

lengths.

GSl scales leaf area index (LAI), vegetation fraction, albedo
suitable for the harvest of typical crops in the study area.and vegetation height on a daily time step, with minimum
The day-degree values are reseted to zero for a second phas@ues referring to winter time and maximum values being
which is calculated in the same way as phase 1. Althoughvalid at summer time, respectively. The time dependent pa-
this procedure is empirically derived by incorporating NDVI rameters derived in such way are used then as input for the
observations, it is also dependent on meteorological observa?enman-Monteith potential evapotranspiration module.
tions because its initiation within a year depends on a GSI
threshold which is obtained by EdL)(

3 Results

2.5 The hydrologic model Panta Rhei 3.1 Comparison with phenological observations

Panta Rhei is a determistic, semi-distributed hydrologic|, s study it is assumed a priori that flowering of the goat
model for single event or long-term simulations which has ;o (Salix Caprea correspondents to GSI0.5 (begin-
been developed at the University of Braunschw@@del  ing of spring). Under these circumstances, the date of ex-
unpublished dajaLike other hydrologic models, Panta Rhei ;eegance of the GSI threshold was compared to the dates of
represents the watershed by subdivision into sub-catchmenig, 4; \yillow flowering. Figure depicts the timeseries of ob-
which consist of hydrologic similar units (HSU). Besides goreq and calculated beginning of spring for three different
the typical dendritic arrangement of sub-catchments, junCjtes in the study area. Both, observed and calculated dates

tions can be added to incorporate artificial channels. Morep, o a reasonable agreement. The range of observed dates

over, reservoirs, retention structures, culverts and other fea(between day of year 40 and 120) was also reproduced by
tures can be included into the watershed model. Because qfe model. Besides the course, the trends of the time series

Panta Rhei’s flexible structure, the representation of hydro-agree well (3 days decadd). It is worth to note that these
logic processes can easily be changed depending on the avajl

- g ) ends are only observed in the lowlands (Northern German
ability of input data and modeling purpose (see TehleA  pain and Leine Valley) rather than in the mountains. For the

GIS interface enables a direct import of sub-catchment areag,, \ountains neither the observed nor the calculated time
and properties in vector format. The simulation time step iSqgries show a significant trend when using the Mann-Kendall
specified by the user with typical values ranging from min- ;o< and Sen’s slope methoBef 1969.

utes and hours to one day. Currently, Panta Rhei is used for |, 4qgition to the comparison with NDVI observations
several kinds of applications which include hydrologic de-\nich were used to adjust the original approach for agricul-
sign, flood forec;astmg and climate impact §tudles. In they, use, the beginning of spring from phenological obser-
framework of this research study Panta Rhei was extendedaions has also been reproduced by this simple model. This

by the previously described GSI approach. For several lan¢,jenendent validation underlines the general applicability of
use classes plant parameters are provided which were comp, g approach for central Europe.

piled from literature studies (e.gBreuer et al.2003. The
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Table 1. Representation of processes in Panta Rhei (adaptedRiede| unpublished daja

Process Description and available options
Snow accumulation and melt Temperature index approach, extémson(1973 approach
Interception Rutter et al(1971) model, LAl scaled storage approach
Evapotranspiration Priestley and Taylof1972, Penman-Monteith approacNonteith 1965
Infiltration and soil water balance  modified curve number approRéde| 2004
Runoff concentration linear reservoirs for surface runoff, interflow and groundwater discharge
Runoff routing linear and nonlinear cascade of reservoirs
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Fig. 4. Left panel: GSI courses of individual years and fitted mean GSI courses for an example sub-catchment. THg pepasate the
mean course into 4 linear ranges which can easily be calculated from elevation. Right panel: valuegeoé calculated for each sub-
catchment in south-eastern Lower Saxony (4500 in total). Regression functions were derived féf bgigblotting day of year fow,
against sub-catchment elevation.

3.2 Hydrologic simulation correspondents to the period of phenologic observations, and
three future periods (2011-2040, 2041-2070, 2071-2100).
The results of the long-term water balance simulations are
To evaluate the effect of dynamic adjusted vegetation paramdepicted in Fig5. In the left panel of Figs monthly runoff
eters on water balance components two experiments wer@€Pth values are shown for several meteorological boundary
carried out. The first experiment uses a static parametrizaconditions of the hydrologic model. Lines refer to the cal-
tion approach neglecting inter-annual variability. Therefore,iPration including a comparison of observed and simulated
a mean annual GSI course was derived. To account fofunoff. The bars represent the runs with time series from sta-
elevation-dependent shifts in phenological phases, a simpléstical downscaling. It is worth noting that all simulations
linear formulation of the GSI was derived (Figy.left panel). ~ Shown in Fig.5 (left panel) are carried out with the static pa-
The pointsd, represent the changes of phases. The e|evatioﬁameterlgat|on s_cheme, aIthOL_Jgh all scenario runs were also
dependence was accomplished by incorporating the time@ccomplished with the dynamic approach (not shown here).
series of the entire study area. The mean GSI course was '€ differences in monthly runoff depth between the dy-
evaluated for each sub-catchment (Figright panel). Inthe ~ Namic and the static experiment are opposed in ¥igight
second experiment the GSI is calculated by Ek). Both, panel). Especially during sprl_ngt|me the calcu_lategl d_|ffer-
the static and the dynamic simulations include runs with time€nces between the two experiments are negative, indicating
series from observations and from statistical downscaling ofhat the runoff depth from the static experiment exceeds the
climate scenarios. The statistical downscaling was providedunoff depth of the dynamic runs for all scenarios. In sum-
by the WETTREG2006 model which projects synoptic-scaleMer and autumn the difference moves closer to zero. In the
circulations onto regional scaleBrgke et al. 2005. For fu- ~ Winter months more runoff is simulated in the dynamic ex-
ture climate simulations the A1B scenario was chosen. Ac-Periment. In general, future simulations tend to differ dis-
cording to the Special Report on Emission Scenarios the A1ginctively between both experiments. The differences of the
scenario “describes a future world of very rapid economicOPserved time series runs indicate a bias between the ex-
growth, global population that peaks in mid-century and de-Periments. Non-linearity of parameterization schemes (e.g.,
clines thereafter, and the rapid introduction of new and more”€nman-Monteith evapotranspiration scheme) in the hydro-
efficient technologies” by assuming a balance across all enlogic model is likely the source of this effect. Although all
ergy sourceslPCC, 2000. The simulations are herein subdi- simulations rest on the same equations in both experiments
vided into 4 periods: 20th century (20C, 1961-1990) whichthe different annual courses of parameters affect results in
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Fig. 5. Left panel: hydrologic simulation (monthly runoff depth) for different scenarios assuming a static, elevation-dependent vegetation
course according to Fig. Right panel: differences in simulated runoff depths between dynamic (GSI approach) and static parameterizations
(Arunoff depth = dynamic-static).

a range between5 and +2 mm month!. However, besides evapotranspiration. In contrast to static methods, this ap-
these model intrinsic effects, there is also a shift due to trendgroach is more suitable for climate impact studies, because
in meteorological boundary conditions (ranging fref2 to the annual course of common vegetation parameters is de-
+1 mm month!). The absolute differences between both ex-rived in response to meteorological boundary conditions. Its
periments increase according to changing climate conditionssimplicity enables an easy implementation, contrary to very
Mean annual runoff depth decreases from 394 mint® complex dynamic leaf models.
384mmal when changing from static to dynamic param- The assumption of a moving average of 21 days as pro-
eterization in the A1B 2071 to 2100 run. posed bylolly et al.(2005 was also used. Moving averages

It is evident that a shift toward an earlier beginning of including future dates are not allowed for forecasting which
spring causes higher evapotranspiration rates, and henaestricts the GSI approach to long-term simulations. How-
lower runoff. In contrast, the positive values in the winter ever, it could be shown that dynamic representation of vege-
months could be addressed to the effect of a faster reachation parameters can affect water balance components. The
ing of the day-degree thresholds in the extended approactannual runoff depth changed only by 2 % but variations on
A trend in temperatures toward a warmer climate results ina monthly basis reach up to 5% when changing from static
shorter growing times. An earlier harvest in the second phaséo dynamic parameterization in this study. Future research
also shifts the ending of the growing season to earlier dates ishould address the investigation of a wider range of basins
the year. Hence, vegetation parameters are changed to wirand climates to understand the magnitude of possible differ-
ter values. Since a major part of the basin is cultivatable landences.
with two growing phases, this effect could dominate.
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