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1 Introduction

The terrestrial biosphere has a signi�cant impact on near-surface atmospheric phenomena by modifying
the energy and water balance at the land surface. In particular, it determines the evapotranspiration and
therefore the latent and sensible heat �uxes over land, and thus can considerably a�ect atmosphere and land
characteristics, such as near-surface temperature and humidity, low-level clouds and precipitation (Arora,
2002).

In soil-vegetation-atmosphere transfer (SVAT) schemes the role of vegetation in controlling the energy and
water balance is considered by taking into account its physiological properties, in particular, leaf area index
(LAI, the ratio of leaf to ground area), stomatal resistance, and rooting depth. However, many SVAT schemes
do not describe the vegetation as a dynamic component. The seasonal evolution of its physiological properties
is prescribed as a climatology, being the same for each year of a simulation (see e. g. ECMWF, 2014).

This is also the case for the SVAT scheme TERRA of the Consortium for Small-scale Modeling (COSMO)
mesoscale atmospheric model (Steppeler et al., 2003). There are di�erent options for specifying the seasonal
cycle of the LAI. In one method, a minimum and a maximum value of the LAI are speci�ed, depending on
land use, representing vegetation at rest and during the growing season, and the seasonal cycle is prescribed
by a sinusoidal �t for the transitions between these values in spring and autumn (Doms et al., 2011). This
is currently the default in the COSMO model for numerical weather prediction (NWP). In another method,
climatological monthly mean values of the LAI are speci�ed which are based on satellite retrievals. A short-
coming of these methods is that the model can not account for inter-annual variations of the seasonal evolution
of the vegetation. In some years the spring and growing season start earlier, in some years they are delayed.
In these cases, the state of the vegetation is not accurately represented in the model when prescribing the
leaf phenology by a climatology, leading to errors in for instance the evapotranspiration.

In this study, two phenology models are presented, based on Polcher (1994) and on Knorr et al. (2010), which
allow the vegetation in TERRA to adapt to the simulated seasonal and inter-annual variations in weather
and climate, as well as to habitat factors, such as elevation.

2 Model description

The COSMO model (Steppeler et al., 2003; Doms et al., 2011) is a nonhydrostatic limited-area atmo-
spheric prediction model, which is developed and maintained by the COSMO consortium (http://www.cosmo-
model.org). It is designed for both operational numerical weather prediction and various scienti�c applications
on the meso-β and meso-γ scale. Furthermore, the COSMO model was expanded by the CLM community
(http://www.clm-community.eu) to become applicable as a regional climate model, called COSMO-CLM (e. g.
Rockel et al., 2008).

A variety of physical processes is taken into account by parameterization schemes, including the soil and
vegetation model TERRA (Doms et al., 2011). It simulates the energy and water balance at the land surface
and in the ground, providing the land surface temperature and humidity as lower boundary conditions for
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computing the energy and water �uxes between surface and atmosphere. In TERRA, all processes are modelled
one-dimensionally in the vertical, no lateral interactions between adjacent soil columns are considered.

The soil temperature is calculated by the heat conduction equation, while the soil water content is predicted
by the Richards equation. Both equations are discretized by a multi-layer scheme using the same layer depths
for both temperature and water content. This allows to include the freezing and thawing of soil water or ice,
respectively. At the interface between surface and atmosphere, the surface energy balance equation is solved,
yielding the new surface temperature. It takes into account the total surface net radiation, the sensible and
latent heat �ux, and the ground heat �ux. The atmospheric energy �uxes constitute the upper boundary
condition of the soil heat conduction equation.

Precipitation reaching the ground is separated into in�ltration or surface runo�. The simulation of the water
vapour �ux, returning moisture from the ground back to the atmosphere, depends on the land use. For
vegetated areas, transpiration from the vegetation is computed, taking into account the plant physiological
properties, and for non-vegetated areas, bare soil evaporation is computed. The total moisture �ux, the
evapotranspiration, at a grid element is calculated as an area weighted average of the individual �uxes. In
the standard model con�guration, the formulations of both components of the evapotranspiration are based
on BATS (Dickinson, 1984). During this study, it turned out that the bare soil evaporation based on BATS
is overestimated. Therefore, it was replaced by a formulation based on ISBA (Noilhan and Planton, 1989),
yielding, for instance, a more realistic simulation of the annual cycle of soil moisture. The snow pack is
simulated by a single-layer snow model, taking into account snow ageing with respect to albedo and density.

In TERRA, the vegetation is described basically by three parameters, i. e. the vegetation ratio (the fractional
area of a grid element covered by vegetation), the LAI, and the rooting depth. The di�erent options for
specifying the seasonal cycle of the LAI and the vegetation ratio compared in this study are decribed in
section 3. For the comparison, here the same exponential root pro�le is used for the di�erent options, which
is constant in time.

3 Seasonal cycle of the LAI

The parameter values describing the vegetation at a particular element of the model grid are determined by
the dominant land use class as given by a land use dataset (Smiatek et al., 2008; Smiatek, 2014). In TERRA,
the following parameters are needed: Minimum and maximum vegetation ratio (σmin and σmax), representing
vegetation at rest and during the growing season, minimum and maximum LAI (LAImin and LAImax), and
rooting depth.

3.1 Current parameterization (sinusoidal �t)

In order to specify a seasonal cycle of the LAI and the vegetation ratio, in the currently used standard
con�guration of the COSMOmodel for NWP a simple empirical analytical function is prescribed to interpolate
between their minimum and maximum values (Doms et al., 2011). This function depends on the latitude ϕ and
the altitude of the location, and on the initial Julian day Jd of the forecast. It is computed by the preprocessing
procedure INT2LM which provides the initial and boundary conditions for the model (Schättler, 2014).

The Julian day Vs, when the vegetation period starts, and its length Vl (in days) are estimated by the following
formulae:

Vs = max(1.0, 3.0(|ϕ| − 20◦)), (1)

Vl = min(365.0, 345.0− 4.5(|ϕ| − 20◦)). (2)

The following reduction factor fh depending on surface geopotential height ΦS describes the e�ect of an
increasing altitude:

fh(ΦS) = e−5·10−9·Φ2
S . (3)

The seasonal cycle of the LAI (and of the vegetation ratio in a similar way) is given by:

LAI(ϕ, ΦS , Jd) = LAImin + (LAImax − LAImin) · fv · fh(ΦS), (4)
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with

fv = max(0.0, min(1.0, 1.12 · sin(π ·max(0.0, (Jd − Vs)/Vl)))). (5)

3.2 Dynamic phenology adapting to meteorological conditions

The phenology is mainly determined by three meteorological, or climatological, conditions: temperature,
day length, and water availability. Whenever one or more of these factors are not su�ciently supplied, the
vegetation will experience �stress�, limiting its ability to fully get developed. Beside these, there exist other
limiting factors, for instance the net primary productivity (NPP), which is the result of photosynthetic
activity and respiration of the vegetation and requires the treatment of CO2 concentrations and �uxes in the
atmospheric model (see e. g. Arora, 2002). There are several dynamic global vegetation models which make
use of NPP dependent formulations of phenology, for instance, JSBACH (see e. g. Raddatz et al., 2007), CLM
(Oleson et al., 2013), or ORCHIDEE (Krinner et al., 2005). But, since the COSMO atmospheric model does
not include a carbon cycle we restrict ourselves to schemes without the need of NPP. Two phenology models
are compared in this study, a diagnostic and a prognostic one, based on Polcher (1994) and on Knorr et al.
(2010). They were both implemented in the TERRA o�ine model.

In order to describe the stress with respect to temperature, a phenology determining temperature T (based
on Knorr et al., 2010) is de�ned by:

T (t) =

Z 0

−∞
TS(t + et)e etτ det
Z 0

−∞
e
et
τ det

, (6)

where τ is the averaging period for the surface temperature TS , and t is the time. This formula uses expo-
nentially declining weights when going back into the past, which is equivalent to an exponentially declining
memory of the plants for the surface temperature. The averaging period is chosen to be 15 days, this makes
sure that the diurnal cycles and other short-term �uctuations of TS are su�ciently dampened, while not
making the evolution of T (t) too inert which would delay the vegetation period.

3.2.1 Polcher (1994)

Here, a purely temperature-limited LAI is adopted in modi�ed form from Polcher (1994):

LAI(t) =

8
>>><
>>>:

LAImin , if T (t) ≤ T1,

LAImin +
T (t)− T1

T2 − T1
(LAImax − LAImin) , if T1 < T (t) ≤ T2,

LAImax , if T2 < T (t),

(7)

where T1 is the minimum limiting temperature, and T2 the maximum limiting temperature. These two pa-
rameters depend on the phenology type.

3.2.2 Knorr et al. (2010)

The phenology model by Knorr et al. (2010) includes limiting factors due to temperature, day length, and
water availability. But, for the comparison with Polcher (1994), here the focus is set on the temperature,
while excluding the day length and water limitations. This leads to:

dLAI(t)

dt
=

(
kgrow(LAImax − LAI(t)), if T (t) ≥ Ton/off ,

kshed(LAImin − LAI(t)), else,
(8)

where Ton/off is the leaf onset and o�set temperature, and kgrow and kshed are the growth rate and the shedding
rate, respectively. These parameters depend on the phenology type.
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4 Experiments and observational data

In order to compare the three phenology schemes described in section 3, experiments with the land surface
scheme TERRA in o�ine mode were carried out. This methodology is described e. g. by Chen et al. (1997)
or Schulz et al. (1998). For this comparison, TERRA was forced in each simulation with a set of identical
atmospheric observations, which are downward shortwave and longwave radiation, total precipitation, near-
surface wind speed, air temperature, and speci�c humidity. For this study, observations from the boundary
layer �eld site Falkenberg were used, providing the atmospheric forcing variables as mentioned before, as well
as several quantities for model validation, such as e. g. surface latent heat �ux.

Falkenberg is a site at the Meteorological Observatory Lindenberg � Richard-Aÿmann-Observatory � of the
German Meteorological Service (Deutscher Wetterdienst), located about 5 km south of the observatory. It is
a grass land site representative for farmland surfaces in the heterogeneous rural landscape typical for large
parts of northern central Europe (Neisser et al., 2002; Beyrich et al., 2006). It is in continuous operation since
1998 with a main focus on the near-surface boundary layer and soil processes. A detailed description of the
measurement conditions, instrumentation, data acquisition and the comprehensive quality control procedures
is given by Beyrich and Adam (2007).

The o�ine simulations were carried out for �ve selected years between 2006 and 2013. They represent very
di�erent seasonal cycles in terms of temperature and precipitation. Some years had a very warm spring, e. g.
2007, and some years a cold one, e. g. 2013. It is expected that, in contrast to the current parameterization,
the two temperature-dependent phenology schemes presented here will respond to these di�erent seasonal
cycles. A warm spring may lead to an early begin of vegetation activity, a cold one to a late begin. The main
land surface parameter values needed to appropriately describe the Falkenberg site within TERRA are given
in Table 1. They were based on measurements and estimates adapted to the site conditions. The predominant
vegetation species are perennial ryegrass (Lolium perenne) and red fescue (Festuca rubra). For these grass
species an albedo value of 0.18 was used. The soil texture especially prevailing at the radiation measurement
spot is dominated by sandy pale soil (Eutric Podzoluvisol), (see Hierold, 1997) according to the FAO soil
classi�cation (FAO, 1988), for which an albedo value of 0.2 was used. The prescribed albedo values are in
good agreement with experimental �ndings for this site described by Beyrich and Adam (2007). Although the
meadow of the site is mowed several times a year to keep the vegetation height below 20 cm, the impact of
the surrounding crop �elds on the 10 m wind speed was represented by a slightly increased roughness length
z0 of 0.03 m on annual average.

The additional parameter values needed for the phenology models by Polcher (1994) and Knorr et al. (2010)
were estimated as follows: T1 = 2◦C, T2 = 15◦C, and Ton/off = 5◦C, kgrow = kshed = 0.07 d−1.

Table 1: Main land surface parameter values in TERRA representing the Falkenberg site. σmin and σmax

are the minimum and maximum vegetation ratio, representing grass at rest and during the growing season.
LAImin and LAImax are the respective values but for the leaf area index. αgr and αbs are the surface albedos for
grass and bare soil, and z0,gr and z0,bs are the turbulent roughness lengths for grass and bare soil, respectively.

Parameter σmin σmax LAImin LAImax αgr αbs z0,gr (m) z0,bs (m)
Value 0.55 0.80 0.5 2.5 0.18 0.20 0.03 0.03

5 Results

The phenology models adopted from Polcher (1994) and Knorr et al. (2010) are compared to the current
parameterization of the LAI, using the land surface scheme TERRA in o�ine mode by applying the method-
ology as described in section 4. Figure 1 illustrates the annual cycles of the 2-m temperature as measured
at Falkenberg during the years 2006, 2007, 2008, 2012, and 2013. They show a considerable inter-annual
variability. Some years have a very warm spring, e. g. 2007, and some years have a cold one, e. g. 2013. In
autumn, the di�erences are smaller, but there are also warm years, e. g. 2006, and cold years, e. g. 2007.

When running the land surface scheme TERRA in o�ine mode, using the phenology model based on Polcher
(1994), it results in �ve di�erent annual evolutions of the LAI. As shown in Fig. 2 a warm spring such as
in 2007 leads to an early rise of the LAI, or an early begin of vegetation activity, and a cold spring such as
in 2013 results in a late rise of the LAI. A warm autumn, on the other hand, leads to a late decline of the
LAI, e. g. in 2006, and a cold autumn results in an early drop of the LAI, e. g. in 2007. This means that
the phenology model allows the vegetation in TERRA to adapt to the simulated seasonal and inter-annual
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Figure 1: Annual cycles of the 2-m temperature as measured at Falkenberg during the years 2006, 2007,
2008, 2012, and 2013. A running mean over 21 days was applied to the data.

variations in weather and climate. This is a clear improvement compared to the sinusoidal �t of the current
parameterization, shown in Fig. 2 for reference, which can not account for this variability.

Figure 2: Annual cycles of the LAI at Falkenberg during the years 2006, 2007, 2008, 2012, and 2013 based
on Polcher (1994). For comparison, the sinusoidal �t of the current parameterization is shown.

A shortcoming of a diagnostic model such as the one by Polcher (1994) may be that the LAI has to always
closely follow the evolution of the driving quantities, here the temperature. This can lead to a drop of the
LAI during its rising phase in spring which may not be realistic for many species. In contrast, in a prognostic
model such as the one by Knorr et al. (2010), the LAI will keep on rising once the trigger for leaf onset is
set. The underlying concept is that the initial leaf development relies on the buds and the reserves from the
previous year. Leaf unfolding and growth will continue even if the surface stays cool for a while, as long as it
does not return to frost or winter conditions.

The result is shown in Fig. 3. Once the leaf onset temperature is exceeded in spring, leaf unfolding and growth
start, and the LAI starts rising asymptotically towards its maximum value. In autumn, this works in opposite
direction. The order of the years is almost similar in Figs. 2 and 3. The warm spring in 2007 leads to an early
rise of the LAI also for the phenology model based on Knorr et al. (2010), and the cold spring in 2013 results
in a late rise of the LAI. A similar order of the years is also found in autumn, for instance, for the early
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dropping LAI in 2007 and the lately declining LAI in 2006. An exception is the year 2008 in which the LAI
starts rising much earlier based on Knorr et al. (2010) than based on Polcher (1994). This shows the need for
a careful calibration of the various threshold values, for instance for temperature, for the di�erent phenology
types.

Figure 3: Same as Fig. 2 but for Knorr et al. (2010).

Due to the lack of in-situ observations of the LAI at Falkenberg, here an attempt for an indirect validation
of the di�erent models is made, using measurements of the surface latent heat �ux at Falkenberg. Figure 4
compares the diurnal cycles of the observed and the simulated latent heat �uxes, averaged over the spring
period of 1�20 April 2007 (Julian day 91�110). During this period, the LAI of the current parameterization
increases from 0.5 to about 1.0, the LAI based on Polcher (1994) rises within the range of about 1.2 to 1.8
(both see Fig. 2), and the LAI based on Knorr et al. (2010) is already in the range of about 2.0 to 2.3 (see
Fig. 3). As a consequence of these di�erences in LAI based on the three phenology models compared here, the
transpiration and therefore the latent heat �ux as simulated by TERRA show distinct di�erences as well. As
depicted by Fig. 4, the maximum of the latent heat �ux as simulated by the current parameterization is at
about 90 W/m2, which is clearly underestimating the measurement, the maximum based on Polcher (1994)
is increased to about 120 W/m2, while the one based on Knorr et al. (2010) reaches about 150 W/m2. The
latter is very similar to the measurement. These results suggest that the current parameterization of the LAI
is not able to accurately describe its early rise during the warm spring of 2007, while the two temperature-
dependent phenology models based on Polcher (1994) and on Knorr et al. (2010) provide an earlier and more
realistic increase of the LAI.

Qualitatively similar results are found for a period of leaf shedding in the autumn of 2007, as illustrated in
Fig. 5.
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Figure 4: Mean diurnal cycles of the surface latent heat �ux as measured at Falkenberg on 1�20 April 2007
(Julian day 91�110) compared to the results of the current parameterization of the LAI, and the results based
on Polcher (1994) and on Knorr et al. (2010).

Figure 5: Same as Fig. 4 but for 2�16 October 2007 (Julian day 275�289).
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6 Conclusions

Two temperature-dependent phenology models based on Polcher (1994) and on Knorr et al. (2010) were
compared to the current parameterization of the LAI as used in the land surface scheme TERRA of the
COSMO atmospheric model.

Currently, in TERRA a minimum and a maximum value of the LAI are speci�ed, depending on land use,
representing vegetation at rest and during the growing season, and the seasonal cycle of the LAI is prescribed
by a sinusoidal �t for the transitions between these values in spring and autumn. As a consequence, the model
can not account for inter-annual variations of the seasonal evolution of the vegetation, leading to errors in for
instance the evapotranspiration.

The two modi�ed versions of TERRA, including the phenology models based on Polcher (1994) and on Knorr
et al. (2010), allow the vegetation in TERRA to adapt to the simulated seasonal and inter-annual variations
in weather and climate, as well as to habitat factors, such as elevation. Polcher (1994) uses a diagnostic
approach, directly relating the LAI to temperature, while Knorr et al. (2010) follow a prognostic approach,
utilizing the concept of growth and shedding rates. The latter appears to be generally favourable.

Experiments with TERRA in o�ine mode, using observations from the boundary layer �eld site Falkenberg,
have shown that the current parameterization of the LAI tends to signi�cantly underestimate the surface latent
heat �ux during the transition periods in spring and autumn. In the case of the year 2007, this behaviour
was found to be substantially improved by the model based on Polcher (1994). Furthermore, the simulated
diurnal cycles of latent heat �ux based on Knorr et al. (2010) were found to be very close to the observations,
in terms of amplitude as well as phase.

This study was restricted to the temperature limitation of the LAI. The next step will be the extension of the
phenology model to the limiting factors due to day length and water availability. This is already prepared in
the work by Knorr et al. (2010). Furthermore, for global applicability, an extension to more phenology types,
beside grass, is needed, for instance shrubs and trees (deciduous and evergreen). Finally, the phenology model
needs to be transfered and implemented into the three-dimensional coupled COSMO model code.
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