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Abstract
Over the last 30 years, the impact of climate change in Berlin, Germany, has mani-

fested in the form of reduced summer rainfall, elevated temperatures, and a notable

rise in the frequency of days with temperatures surpassing 30˚C. All of them are

leading to a decreasing water supply and increasing risk of drought. Various field,

laboratory, and numerical simulation studies have been done for deriving information

on long-term potential and actual evapotranspiration, water stress during the vege-

tation period (April–September), and tree ring growth of various pine tree stands

in Berlin. Data analysis highlights periodical climate patterns and complex interac-

tions between drought, water supply, and plant growth. Annual tree ring growth is not

only related to the actual weather conditions but also to the past climate years. With

decreasing water supply, this kind of drought memory effect increases up to 5 years

into the past. For Berlin’s climate, it is noteworthy that late summer, particularly the

water stress in August, represents the most sensitive indicator for tree ring growth.

For regionalization purposes, long-term numerical simulations were done to derive

hydro-pedo-transfer-functions (HPTFs) predicting the water stress coefficient of the

growing season (Eact-s/Epot-s). They only need easily available information such as

soil texture, climate water balance, and groundwater depth. Two HPTFs were suc-

cessfully tested and can be easily applied by geo-information systems. However, for

other climate regions and tree species, HPTFs need to be adapted.

1 INTRODUCTION

Forests are key elements of terrestrial ecosystems, playing
a crucial role in atmospheric cooling, carbon storage, bio-
geochemical cycles, and the provision of essential goods and
services to human populations.

Abbreviations: AWC, available water capacity; CWB, climatic water
balance; FAO, Food and Agriculture Organization; HPTF,
hydro-pedo-transfer-functions; SOM, soil organic matter; TDR, time
domain reflectometry; TRW, tree ring width (1/100 mm); WS, water
supply; WSC, water stress coefficient.
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The world’s forests face substantial challenges due to
climate change, marked by prolonged drought periods, partic-
ularly in recent decades (Scharnweber et al., 2020; Spiecker
et al., 2023). Because climate change in eastern parts of Ger-
many results in high water deficiency, especially on sites with
a deep groundwater table, water supply (WS) became the most
relevant factor for tree ring growth and tree health (Bauwe
et al., 2015; Cailleret et al., 2017). These aspects are part of
the actual discussion on tree species stability and adapting for-
est management concepts, as done recently by Altieri et al.
(2023), Leuschner et al. (2023), and Vacek et al. (2023). How-
ever, the consistency of climate relationships with tree growth
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in terms of direction, duration, and timing is not uniform
across space, time, and tree species. The underlying processes
responsible for these observed relationships are poorly under-
stood, which hampers our ability to predict future changes in
tree growth (Guillemot et al., 2017; Hacket-Pain et al., 2016).
A significant contributor to this uncertainty lies in the mecha-
nisms leading to time-lagged effects of climate on tree growth
(Hacket-Pain et al., 2015; Peltier et al., 2018; Veuillen et al.,
2023). This paper is motivated to address the abovementioned
aspects with special regard to WS and drought memory effects
on tree ring growth of pine tree stands in the dry region of
Berlin, Germany.

In Berlin, since 1984, various field, laboratory, and numer-
ical investigations with respect to different soil hydraulic
topics have been done for various pine stands. Most of them
are growing on groundwater distant sandy soils, partly on
loamy sands, and some are gleyic sandy soils with a shallow
groundwater table (<1.5m).

In our previous studies (Greiffenhagen et al., 2006; Riek
et al., 1994; Wessolek et al., 2008), we already reported in
detail about soil hydraulic properties of forest floor horizons,
time domain reflectometry (TDR)-soil moisture, and ten-
siometer measurements for balancing water budget, modeling
soil water dynamic, as well as water repellency occur-
rence, and preferential flow phenomena. Based on these field
and simulation experiences, one can suspect a relationship
between plant WS, evapotranspiration, and tree growth, as it
first was described by Riek et al. (1995a, 1995b, 1995c).

This contribution focuses on the long-term modeling
(spanning >100 years) and analysis of climate impacts on
evapotranspiration and water stress coefficients (WSCs),
incorporating memory effects on tree ring growth of typical
pine stands. For this, tree ring width (TRW) patterns were
analyzed and combined with WSC predictions for various
time spans. To establish a practical framework suitable
for geo-information systems applications, and to enhance
the transferability of scientific findings, two hydro-pedo-
transfer-functions (HPTFs) were developed for predicting
WSC. Results were compared with the outcomes of a cal-
ibrated soil–vegetation–atmosphere–transpiration (SVAT)
model as a referee.

2 MATERIALS AND METHODS

2.1 Site conditions and experimental areas

Since 1984, field investigations have been done on 10 pine
stands, growing in different districts of Berlin, Germany
(Table 1). Dominant soil texture is fine sandy soil with the
corresponding soil types Haplic Arenosol and Podsolic brown
soil. Forest floor horizons vary from 2 to 8 cm thickness.
The plant available soil water in the rooted soil depth of 0.8
m up to 1.5 m varies between 90 and 150 mm. Depth of the
groundwater for most of the pine stands is >30 m below

Core Ideas
∙ Effects of climate change on water supply of

pine trees on sandy soils in Central Europe were
studied.

∙ Tree ring growth was explained using the ratio of
actual and potential evapotranspiration predictions.

∙ Memory effects of drought on tree ring width were
studied.

∙ Growth-effective periods within the vegetation
period were evaluated.

∙ Hydro-pedo-transfer-functions expressing water
stress coefficient using easily available site infor-
mation for geo-information systems-applications
were derived.

surface, hence irrelevant for the WS of the stocks. Only the
pine stand in Berlin Spandau (SP 43) is influenced by a
shallow groundwater table in <2.0 m depth. Table 1 gives an
overview of all sampled sites with tree characteristics such as
age, tree diameter in 1.5-m height, and circular area, which
is defined as the mean tree area per 10,000 m2. In average,
10–15 trees with similar height and diameter per stand have
been analyzed for tree ring measurements and site conditions.
The tree age differs between 90 and 155 years, with height of
the trees is up to 49 m.

The ground vegetation mostly consists of wavy hair grass
and moss. Locations are characterized by a continental cli-
mate with comparatively uniformly distributed precipitation.
In long-term annual average, the precipitation is 577 mm,
potential evapotranspiration is 620 mm, and air temperature is
8.9˚C. Dry summer periods usually occur in May, leading to
severe water deficiency situations for the pine stand already
at the beginning of the vegetation period. Figure 1 gives an
impression of a typical pine stand of the Grunewald Forest,
on which most field experiments and simulation studies were
done. The experimental area contains four measuring plots,
each instrumented with tensiometer and TDR probes up to
300-cm depth, all connected with a data logger. Details of the
measuring technique, equipments used for balancing water
budget, and SVAT-model calibrations are given in Rakei
(1991), Greiffenhagen et al. (2006), and Wessolek et al.
(2021).

2.2 Analyzing soil hydraulics,
evapotranspiration, and water stress (Eact/Epot)

2.2.1 Water characteristics

Both mineral soil and forest floor horizons were horizon-
wise sampled in spring by means of ten 100 cm3 cylinders.
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T A B L E 1 Forest stands and pine tree information.

Site name Berlin district Stand no. Tree age
Number of trees
analyzed

Tree height
(m)

Tree diameter
(cm)

Circular area
(m2 ha−1)

TE69 Tegel 69 155 15 28 48 28.5

TE74 Tegel 74 110 15 24 41 28.8

SP43 Spandau 43 135 15 22 39 31.5

SP92 Gatow 92 110 15 21 31 31.5

GR12 Grunewald 12 155 15 23 49 22.1

GR76 Grunewald 76 90 15 20 32 23.3

GR91 Grunewald 91 120 15 21 40 24.9

DÜ60 Düppel 60 140 10 23 43 24.0

DÜ93 Düppel 93 120 15 20 33 26.0

DÜ98 Düppel 98 90 15 23 35 39.2

F I G U R E 1 Pine stand of the Grunewald Forest, Berlin, with time domain reflectometry (TDR) probes for measuring continuous soil water

content and matrix potential by tensiometers. The white boxes on the left contain the data logger, and on the right, it contains a sandy soil profile.

After re-saturation, the samples were successively dewatered
on ceramic plates up to reaching a constant weight. The fol-
lowing dewatering stages, that is, pressure heads were set: pF
1.0, 1.5, 1.8, 2.0, 2.5, 3.0, 3.6, 4.2, and 5.0. Then, the van
Genuchten (1980) Equation (1) was fitted to the arithmetic
means of water content. The available water capacity (AWC)
was related to the soil moisture between pF 1.8 and 4.2 as
follows:

𝜃(ℎ) =
𝜃𝑆 − 𝜃𝑅

[1 + (𝛼 ℎ)𝑛]𝑚
+ 𝜃𝑅 (1)

where θ is the moisture content (cm3 cm−3), θR is the residual
moisture content (cm3 cm−3), θS is the saturation moisture
(cm3 cm−3), h is the pressure head (hPa), α is the fitting
parameter (1 cm−1), and n, m, 1 are the van Genuchten
parameters (-); n > 1 and m = 1 − 1/n.

2.2.2 Hydraulic conductivity

Hydraulic conductivity (Ku) was measured according to
Plagge (1991) by means of the steady profile evaporation
method and the unsteady instantaneous profile method with
three replicates for each soil horizon. The measuring range
covers moisture tensions between approximately 20 and 800
hPa. The unsaturated hydraulic conductivity was parameter-
ized according to Mualem (1976) and van Genuchten (1980)
as follows:

𝐾𝑢(ℎ) = 𝐾𝑓 ⋅

{
1 − (𝛼ℎ) 𝑛−1

[
1 + (𝛼ℎ) 𝑛

] −𝑚}
[
1 + (𝛼ℎ) 𝑛

] 𝑚⋅𝑙
2

(2)

where Ku is the unsaturated hydraulic conductivity (cm
day−1) and Kf is the saturated hydraulic conductivity (cm
day−1).
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In addition to that, the following parameters were measured
for characterizing forest floor horizons and the mineral soil
profile: C and N contents by means of a C/N analyzer (Carlo
Erba, ANA 1500).

2.3 Climate

Daily climate records of air temperature, air humidity, radi-
ation, and wind speed from 1950 to 2022 were used from
the German climate service (DWD) in Berlin-Dahlem. The
station is about 200 m distant from the experimental area of
the Grunewald Forest. From this climate station, we include
historical, that is, hand written climate data started in 1908–
1950, which have been analyzed and published by Riek et al.
(1994). This step became necessary in order to reconstruct
water stress conditions for the total lifetime of the pine trees
that have been planted at the beginning of the 20th century.

2.4 Soil moisture and tensions

The experimental areas of the Grunewald stands consist of
four plots for measuring soil moisture and tensions. Each of
them is instrumented by TDR probes (Easy Test, Poland) in
10-cm, 25-cm, 45-cm, 70-cm, 100-cm, 130-cm, 150-cm, 180-
cm, 210-cm, 240-cm, 270-cm, and 300-cm depth, each with
four replicates. Each TDR probe was calibrated specifically
with ethylene glycol and water. Measurements were stored
using a data logger and have been used for calibrating the
numerical model SVAT, details are described in Section 2.8.

2.5 Predicting evapotranspiration,
photosynthesis, and water stress

Daily climate data of air temperature, air humidity, radia-
tion, wind speed and rainfall have been used from the climate
station of the DWD-Station in Berlin-Dahlem to calculate
potential Penman Monteith evapotranspiration (Epot), accord-
ing to the Food and Agriculture Organization (FAO) standard
derived by Allen et al. (1998) as follows:

𝐸pot =
Δ𝑅n∕𝐿 + 𝛾𝑓 (𝑧o,𝑑)𝑢0.75(𝑒s − 𝑒a)

Δ + 𝛾
(3)

where Epot is the potential evapotranspiration (mm) of a grass
vegetation of defined height, Δ is the slope of the saturation
pressure head function (hPa˚C−1), γis the psychometric con-
stant (hPa C−1), Rn is the net radiation (J m−2 day−1), L is
the heat of vaporization for 1 mm (J m−2 day−1), f(zo,d) is
the roughness parameter depending on wind speed and plant
height (-), u is the wind speed at 2-m height (measured in
open field), es is the saturation vapor pressure (hPa), and ea is
theactual vapor pressure (hPa).

Actual evapotranspiration including interception (Eact +Ei)
has been calculated using the Penman–Monteith formula as
modified by Rijtema (1968) for considering specific plant
resistances and soil moisture as follows:

𝐸act + 𝐸𝑖 =
Δ + 𝛾

Δ+𝛾(1+𝑓 (𝑧o,𝑑)𝑢0.75𝑟)
(
𝐸pot − 𝐸i

)
+ 𝐸i (4)

The plant specific resistances (“r”) describing the transport
of water through the root and plant are explained in detail by
Rijtema (1968) and Wessolek (1989). The interception term
(Ei) depends on the amount of rainfall, potential evapotranspi-
ration, and soil cover, and the details are explained by DWA
(2023). However, for analyzing and relating the water stress
conditions to tree ring growth, we did not further consider
interception because it is a plant-inactive process.

Under stationary conditions, photosynthesis (P) of the
tree (kg ha−1) can be expressed by the following diffusion
equation:

P =
ΔCO2

𝑟′
𝑎
+ 𝑟′

𝑠
+ 𝑟′

𝑚

(5)

where ΔCO2 is the difference between CO2 concentration
in the air and in the plant (needle); ra, 𝑟′

𝑎
is the diffusion

resistance to vapor or CO2 in the surroundings of the pho-
tosynthetic active parts of the tree (= laminar resistance); rs,
𝑟′
𝑠

is the stomata resistance to water vapor and CO2; rm, 𝑟
′
𝑚

is
the mesophyll resistance to CO2; and and P is photosynthesis.

Under same environmental conditions, actual transpiration
(Eact) without interception (Ei) can also be described as a
diffusion equation:

𝐸act =
Δ𝑒

𝑟𝑎 + 𝑟𝑠
. (6)

where Δe is the water vapor saturation deficit between leaf,
that is, needle and air; ra, 𝑟′

𝑎
is the diffusion resistance to vapor

or CO2 in the surroundings of the photosynthetic active parts
of the tree (= laminar resistance); and rs, 𝑟

′
𝑠

is the stomata
resistance to water vapor and CO2.

Combining Equations (5) and (6), one derives:

𝐸𝑎𝑐𝑡

P
=

Δ𝑒
(
𝑟′
𝑎
+ 𝑟′

𝑠
+ 𝑟′

𝑚

)

Δ𝐶𝑂2
(
𝑟𝑎 + 𝑟𝑠

) (7)

However, under same field conditions, and for daily time
steps, CO2 and the ratio between the plant resistances (ra,
rs, rm) levels can be regarded as constant. Thus, we get
the following simple equation for predicting the relation of
photosynthesis and actual transpiration:

P = 𝐴
𝐸act
Δ𝑒

(8)
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Due to a close relation between Δ𝑒 and the potential evap-
otranspiration (Epot), one can use the ratio Eact/Epot instead of
Eact/Δ𝑒 yielding in:

P = 𝐴
𝐸act
𝐸pot

(9)

The term “A” indicates the “water use efficiency” factor
(kg carbon ha−1 mm−1 hPa−1), which is explained in detail
by Feddes et al. (1978).

In the following equation, we simply use the ratio
Eact-s/Epot-s as a WSC describing the WS, that is, deficiency
on growing conditions, each year from April 1–September 30:

WSC = 𝐸act−s∕𝐸pot−s (−) (10)

Potential evapotranspiration can be easily calculated using
either by using the Haude’s (1955) formula or taking the
Penman–Monteith approach (Equation 4). In the past, Haude
has been a very familiar, successful, and simple approach for
describing potential evapotranspiration in Germany. Main cli-
mate input of the Haude formula is simply the water deficit in
the air at noon (1 p.m.), which is directly influenced by air
temperature, wind speed, and radiation; for more details, the
reader can refer to Haude (1955).

Because there is a strong relation between Epot predicted
by the Haude approach and the more international established
Epot-Allen formula by Allen et al. (1998), one can easily trans-
form between both approaches for the relevant growing season
from April to September by the following Equation (11):

𝐸pot−Allen = 1.143 × 𝐸pot−Haude (April, 1 till September 30,mm) ,

𝑟 = 0.992 (11)

where Epot-Allen is the potential evapotranspiration accord-
ing to Allen et al. (1998) and Epot-Haude is the potential
evapotranspiration according to Haude (1955).

Model calibrations use either soil moisture and tensions
readings from field studies or lysimeter measurements (Wes-
solek et al., 2008). Based on tensiometer measurements, it
has been observed that a zero-flux plane condition arises
during the vegetation period. Consequently, the soil water
balance can be resolved without the inclusion of a seepage
term, resulting in Equation (12). Measured field data (Eact-m)
are based on soil moisture readings using TDR probes and
hydraulic gradient predictions via tensiometer. During the
vegetation period with zero-flux plane conditions (z = zn),
Eact-m can be calculated for discreet periods using field mea-
surements of precipitation (P), hydraulic gradients, and soil
moisture change versus time (t) and depth (z), yielding in:

𝐸act−𝑚 = 𝑃 +
𝑡𝑛∫

𝑡 =11

𝑧𝑛∫
𝑧 = 0

Δ𝜃 (𝑧, 𝑡) d𝑧d𝑡 (12)

2.6 Tree ring growth

From each pine stand, 10–15 representative trees with approx-
imately same growth and tree diameter in 1.3-m height were
sampled by taking two tree-ring cores per tree using a special
tree ring auger, the details are given by von Lührte (1991).
Measurements of TRW were done using the ANIOL tech-
nique (Aniol, 1983). Dendrochronological standardization of
the ring width for filtering biological trends, especially at
the beginning of the tree growing period, is described in
detail by Cook and Kairiukstis (1990) and Fritts (1976). These
techniques were at least used to get standardized, that is,
site-specific information of the TRW. Figure 2 shows such
normalized tree ring growth, that is, width for all sampled pine
stands, as presented in detail by Riek et al. (1994). To avoid
biological trends at the early growth stage, tree ring measure-
ments used for this study started in the year 1905 and ends in
late 1980s.

2.7 Simulation models

Two simulations models have been used for this study: First,
a conventional SVAT model in order to calculate daily rates
of evapotranspiration and percolation (Wessolek et al., 2008),
using the following input parameters:

1. daily climate data: precipitation, wind velocity, mean air
temperature, mean air humidity, and net radiation;

2. soil hydraulic functions: soil water characteristics, unsatu-
rated hydraulic conductivity, and depth to the groundwater
table; and

3. plant data: degree of soil cover, root depth, plant height,
and plant specific resistances describing the water trans-
port from soil to the root into the photosynthetic active and
transpiring parts.

Additionally, the so-called SWAP (Soil Water Atmosphere
Plant) model of Kroes et al. (2017) was taken for numerical
modeling and deriving capillary flow rates from the ground-
water into the root zone for various climate, groundwater
depth, and soil hydraulic conditions. These information have
been needed for deriving easily handable pedotransfer func-
tions for sites with a shallow groundwater table, details are
described in Section 4.1.
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Normalized tree ring width and standard devia�on of all trees (%)

F I G U R E 2 Example of a pine tree slice with tree ring widths (left), and normalized long-term mean and standard deviation of all ring widths

(right).

2.8 Model calibration and validation

The SVAT-model calibration utilized measured actual evap-
otranspiration data (Eact-m) obtained from four pine stands in
Hannover and Berlin, all situated on fine sandy soils. Among
these stands, two have a shallow groundwater table (<1.5 m
below the surface), while the other two have a deep ground-
water table (>4 m). The calibration process involved adjusting
rooting depth and plant resistances to improve the accuracy
of simulated soil moisture dynamics and water tensions in
comparison to measured data, as outlined in Equation (12).
Detailed results are documented in Wessolek (1989), Rakei
(1991), Greiffenhagen et al. (2006), and, more recently, in
a study on street trees conducted by Wessolek and Kluge
(2021).

For an independent validation of the SVAT-model, we con-
ducted a comparison of long-term mean annual values of
rainfall minus calculated actual evapotranspiration across a
total of 106 German catchment areas. These values were com-
pared with the long-term mean annual total runoff measured
by stream flow gauges, and further details can be found in
Wessolek et al. (2008). Thus, this paper demonstrates the
application of a well-calibrated and validated SVAT model.

2.9 Statistical analysis

The so-called R-program (Marwick et al., 2017) was used
for linear and nonlinear regression analysis, and the software
package STATISTICA (Weiß, 2006) for analyzing time series,
spectograms, and coherency between data series. With vari-
ograms, one can easily predict the time, that is, years in which
the actual ring width depends not only on the actual years (t
= 0), but also of the past years (t − 1, t − 2, t − 3, and t − n).

Outside this annual time lag h, tree ring growth becomes inde-
pendent (Riek et al., 1995a). In a variogram, the semivariance
γ of TRW depends on the time lag h, describing the annual
growing conditions. Semivariance γ (h) can be predicted as
follows (Akin & Siemens, 1988):

𝛾 (ℎ) = 1
2

𝑁 (ℎ)
𝑁(ℎ)∑
𝑖 = 1

{
TRW

(
𝑡𝑖
)
− TRW

(
𝑡𝑖+ℎ

)}2
(13)

where N(h) = number of pairs (TRW(ti) − TRW (ti + h)) with
a time lag h = 1 year and TRW(ti) = tree ring width at time
(ti).

3 RESULTS AND DISCUSSION

3.1 Site properties and soil hydraulic
characteristics

Table 2 shows exemplarily the soil characteristics of the
Berlin-Grunewald Forest. The soil (Podsolic brown soil) is
covered on the top by the so-called forest floor horizons, built
by litter up to 8 cm thickness. The forest floor horizons are
enriched by soil organic matter (SOM) up to 67%, showing
a low pH of 3.5 and high cation exchangeable capacity. The
dominant soil texture is sand, partly enriched up to 14% with
silt in the topsoil, and the clay content is <3%. The mineral
soil horizons have a pH of 4–4.5 and are at the top enriched
with humus, and SOM is about 6%. The subsoil (C-horizon)
can be regarded as a more or less pure sandy soil (<3% silt
and clay) with a low SOM.

Table 3 gives some basic information on soil hydraulic
properties and MvG parameters used for modeling. The AWC
up to an effective rooted soil depth of 1 m is about 110 mm
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7 of 17 WESSOLEK ET AL.Vadose Zone Journal

T A B L E 2 Soil characteristics of the Grunewald Forest in Berlin, Germany.

Depth (cm) Horizon genesis
Texture
description Sand (%) Silt (%) Clay pH (CaCl2) SOM (g g−1)

CEC
(mmol kg−1)

+8–4.5 Litter Forest floor – – – 3.5 0.67 183.3

+4.5–0 Ofh Forest floor – – – 3.4 0.51 110.4

0–9 Aeh Fine sand 84.2 13.6 2.2 4.0 0.059 37.3

9–36 Bsv Fine sand 90.6 8.3 1.1 4.2 0.015 22.5

36–62 Bv Fine sand 96.6 2.4 1.0 4.3 0.007 16.5

62–95 C Fine sand 97.6 2.2 0.2 4.4 0.001 8.5

95–200 C Fine sand 98.0 2.0 0 4.5 0.001 8.0

Abbreviations: CEC, cation exchange capacity; SOM, soil organic matter.

T A B L E 3 Soil hydraulic characteristics.

Parameters of the water retention function (van Genuchten, 1980)

Depth (cm)
Bulk density
(g cm−3)

Field
capacitya

(cm3 cm−3)
AWCb

(cm3 cm−3) θr (cm3 cm−3) θs (cm3 cm−3) α (cm−1) n (-) l (-)
Ksat
(cm day−1)

+8–4.5 0.21 0.343 0.262 0.039 0.887 0.269 1.36 −0.48 1090

+4.5–0 0.34 0.487 0.354 0.080 0.730 0.047 1.38 2.41 445

0–9 1.4 0.154 0.108 0.040 0.417 0.147 1.53 −1.32 243

9–36 1.5 0.130 0.098 0.030 0.447 0.131 1.67 −0.1 545

36–62 1.6 0.072 0.049 0.025 0.383 0.209 1.79 −0.075 813

62–95 1.6 0.053 0.052 0.022 0.374 0.186 1.98 −0.19 830

95–200 1.7 – – – – – – – –

aField capacity = water content at pF 1.8 (h = −63 cm).
bAWC = available soil water as a difference between water content at field capacity (pF 1.8) and permanent wilting point (pF 4.2).

and can be classified as “low”. Ksat is almost high in all
horizons.

3.2 Long-term climate and water balance
trends

The general climatic conditions of the northeast German
lowlands are characterized by an annual precipitation of
500–660 mm in the transitional area from sub-Atlantic to
subcontinental climatic conditions (Table 4). The annual tem-
perature is between 8.2˚C and 8.9˚C. Dry spells occurring
preferably in May cause stressful situations for the forest
stands already at the beginning of the vegetation period.

Note that, mean annual precipitation of 578 mm is quite low
and is typical for east German climate condition. Note that,
329 mm precipitation on average occurs during the summer
season, while in dry (33%) and very dry years (10%), pre-
cipitation amounts only 290 and 216 mm, respectively. Mean
potential evapotranspiration (Epot-y) is about 600 mm, in dry

years (33%, 10%), Epot-y increases up to 630 and 693 mm,
respectively. Thus, annual climate water balance (CWBy) is
slightly negative, while mean CWBs in summertime (April–
September) amounts only −162 mm, and in very dry years
<−300 mm (10%). Thus, drought in summertime is a typical
phenomenon for these climate conditions, and consequently,
mean groundwater recharge under pine stands is quite low
(<90 mm), in dry years (33%) often <50 mm, and in very
dry years (10%), zero.

To give a first impression of the temporal dynamic during
the last 70 years, Figure 3 shows the trend lines by using 10-
year moving averages starting in 1950. At the top, middle,
and bottom, the annual precipitation (Py), the annual poten-
tial evapotranspiration (Epot-y), and the annual climate water
balance (Py − Epot-y) are shown. While annual precipitation is
only slightly decreasing (5%), Epot-y is increasing significantly
by 80 mm since 1990, and climate water balance is drastically
decreasing since that time. Next, we are presenting the con-
sequences of these climate induced conditions for the water
stress, that is, growing conditions of pine trees.
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WESSOLEK ET AL. 8 of 17Vadose Zone Journal

T A B L E 4 Climate and soil water components: average (50%), dry and wet years (33% and 10%), location: Berlin-Dahlem, Germany, period:

1950–2021.

Climate
Ps summer
(mm)

Py year
(mm)

Epot-s summer
(mm)

Epot-y year
(mm)

CWBs summer
(mm)

CWBy year
(mm)

GWR year
(mm a−1)

Median 329 565 473 578 −156 −16 71

Mean 329 578 491 596 −162 −18 86

Dry p = 33% 290 526 519 629 −218 −87 56

Dry p = 10% 216 426 573 693 −326 −221 0

Wet p = 33% 366 629 463 563 −106 51 117

Wet p = 10% 440 729 409 500 2 185 238

Note: Probability of exceedance for Ps: summer precipitation (April till Septmber); Py: annual precipitation (January till December); Epot-s: potential evapotranspiration

of summertime (April till September); Epot-y: annual potential evapotranspiration (January till December); CWBs: climatic water balance of summertime (April till

September); CWBy: annual climatic water balance (January till December); GWR: groundwater recharge (January till December).

F I G U R E 3 Top: Long-term annual precipitation (Py), middle:

annual potential evapotranspiration (Epot-y), bottom: annual climatic

water balance (Py − Epot-y), and trend line: moving averages of 10 years.

3.3 Long-term actual evapotranspiration
and WSCs

Both long-term actual evapotranspiration (Eact-s) and WSCs
(Eact-s/Epot-s) of the vegetation period, as well as a spectral
density function for Eact-s/Epot-s with period lengths in years
(a), were predicted for the Grunewald pine stand (Figure 4).

Long-term actual evapotranspiration during the vegetation
period (Eact-s) shows only a slight decrease, as depicted by the
black line representing 10 years moving averages (Figure 4,
top). Additionally, the WSCs (Eact-s/Epot-s) remain nearly con-
stant from 1908 until the early eighties (Figure 4, middle).
Subsequently, a pronounced decrease in Eact-s/Epot-s occurs up
to the present, indicating a continuous increase in drought over
the past 30 years, as illustrated by the red line. Additionally,
results of a time series analysis for the WSCs are presented
in Figure 4 (bottom). Frequency patterns occur with period
lengths ranging from 2.1 to 7.4 years. However, the bio-
physiological reasons behind these frequencies, which involve
plant adaptations to climate, that is, drought, remain not fully
understood. Nevertheless, this suggests for trees developing
a certain memory adaptation to recurring water stress situa-
tions from the past, influencing their current growth behavior.
These aspects shall be deepened in the following section.

3.4 Tree ring growth and impact of
previous years: Memory effects

Exemplarily, Figure 5 shows measured (till 1986) and extrap-
olated tree ring growth pattern for the Grunewald pine stand,
GR76, that has been studied in Riek et al. (1994). The dashed
line indicates the moving averages of 4 years, which means
that a certain regularity within the growing process can be
observed. The extrapolation of the TRW starting 1987 till
2020 has been done using the WSCs of the actual and past
vegetation periods as explained next.
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9 of 17 WESSOLEK ET AL.Vadose Zone Journal

F I G U R E 4 Top: long-term actual evapotranspiration (Eact-s) of

the vegetation period (April 1 till September 30), middle: water stress

coefficients (Eact-s/Epot-s) of the same period, black line: 10-year

averages; bottom: spectral density function (Frequenz, f) expressing

long-term period lengths (a) of Eact-s/Epot-s.

In order to analyze the time dependency of the tree ring
growing process, semivariograms of the annual ring growth
versus time have been made; Figure 6 shows the results of
four different pine stands. Obviously, the growing process is
time dependent, meaning that the actual tree ring growth (t
= 0) depends not only on the actual climate, that is, WS, but
also to the water stress of previous years, up to 5 years. After
this time range (g), growing process becomes independent.
As a consequence, the annual tree ring growth of various pine
stands have been analyzed statistically and set to the water
stress conditions of the previous years. Table 5 summarizes

F I G U R E 5 Measured till 1986 and extrapolated tree ring width

of the Grunewald pine stand (GR76); the dashed line indicates the

moving averages of 4 years, modified after Riek et al. (1994).

this statistical analysis of TRW and WSCs of the vegetation
periods (Eact-s/Epot-s) for various pine stands in Berlin. For the
sandy sites with a deep groundwater table, it is interesting that
actual tree ring growth is not only influenced by the water
stress of the actual year (t = 0), but even more significant from
Eact-s/Epot-s of the previous years. However, there is one pine
stand showing a different behavior: The tree ring growth of
the pine stand SP92 has a shallow groundwater table, and the
tree ring growth is more or less independent of former climate
conditions, that is, Eact-s/Epot-s. One can conclude that with
an increasing WS, pine tree growing is more stable and less
influenced by the past climate years.

In most cases, annual TRW depends on the WS situation of
the current and previous 3 years. Thus, actual ring width can
be expressed by Equation (14):

TRW = 24.38 𝐸act−s∕𝐸pot−s(t) + 50.70 𝐸act−s∕𝐸pot−s(t−1)

+ 36.91 𝐸act−s∕𝐸pot−s(t−2)

+ 23.86 𝐸act−s∕𝐸pot−s(t−3) + 30.23 (14)

𝑟 = 0.698

The WSC (Eact-s/Epot-s(t)) of the actual vegetation
period explains 19% of the actual tree ring growth, while
Eact-s/Epot-s(t − 1) of the previous year explains 37% growth,
Eact-s/Epot-s(t-2) 2 years ago explains 27% growth, and finally,
Eact-s/Epot-s(t-3) 3 years ago explains 17% growth.

When analyzing WSCs, the question is raised up: Which of
the months within the vegetations period is the most relevant
for explaining tree ring growth by water shortage, that is, defi-
ciency? In many years, trees have enough rain and soil water
till the end of June. However, in mid of July, soil moisture
often drops to a minimum. Thus, severe water deficiency can
be pointed out for the whole month of August. Our analysis
shows that the WSC of the month August (Eact-Aug/Epot-Aug)
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WESSOLEK ET AL. 10 of 17Vadose Zone Journal

F I G U R E 6 Semivariogram analysis of three tree ring width versus time for four typical pine stands in Berlin. The vertical line indicates that

tree ring width becomes independent after a certain time period (h = years) passed. This kind of “memory effect” included the following: in the

Grunewald pine stand (GR91) a period length of 3 years, in the Spandau stand (SP43) a period of 4 years, and in Düppel (Dü60) a period of 6 years,

respectively.

is the most relevant for the sandy soils in Berlin. Thus, the
ratio Eact-Aug/Epot-Aug from August can also be used success-
fully to reconstruct and interpret changes in WS conditions
on tree growth. Similar observations for pine trees were made
by Bauwe et al. (2012) and Russ et al. (2017), as well as
for spruce trees by Von Wilpert (1990). Figure 7 exemplarily
shows for four pine stands that the coefficients for the month
of August can successfully be used to re-calculate annual tree
ring growth. This month seems, for eastern parts of Germany,
the most sensitive indicator of the whole vegetation period.
The following equations are examples for the pine stands
listed in Table 5:

GR91 ∶ TRW = 23.98𝑋𝑡 + 52.44𝑋𝑡−1 + 39.97𝑋𝑡−2+23.39𝑋𝑡−3 + 35.10 (𝑟 = 0.77)
SP43 ∶ TRW = 31.61𝑋𝑡 + 38.16𝑋𝑡−1 + 38.87𝑋𝑡−2 + 29.45𝑋𝑡−3 + 21.84 (𝑟 = 0.74)
DÜ98 ∶ TRW = 54.99𝑋𝑡 + 69.94𝑋𝑡−1 + 37.70𝑋𝑡−2 + 30.30𝑋𝑡−3 + 37.16 (𝑟 = 0.79)
DÜ93 ∶ TRW = 40.27𝑋𝑡 + 68.56𝑋𝑡−1 + 58.29𝑋𝑡−2 + 41.70𝑋𝑡−3 + 19.84 (𝑟 = 0.79)

(TRW = annual tree ring width in the year 𝑡 (1∕100 mm) ;𝑋𝑡= water stress coeff icient in August(
𝐸act−Aug∕𝐸pot−Aug

)
of the current (𝑡) and of the previous three years (𝑡 − 1, 𝑡 − 2, 𝑡 − 3) .

(15)

4 PEDO-TRANSFER-FUNCTIONS FOR
PREDICTING WATER STRESS

HPTFs are well-established tools for regionalizing complex
pedo-hydrological information. Unlike numerical models,
which require numerous input parameters to address a specific
hydrological question, HPTFs demand less easily available
data. Thus, they provide comparable results for an entire
region, such as a landscape. The following section explains
how HTPFS were gained and tested for predicting WSCs by
using few site information only.
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11 of 17 WESSOLEK ET AL.Vadose Zone Journal

T A B L E 5 Annual tree ring growth and water stress coefficients (Eact-s/Epot-s) of the actual year (t = 0), and previous years for different pine

stands in Berlin.

Eact-s/Epot-s of

Durbin–Watson
Multiple correlation
coefficientsSite name Soil and groundwater t = 0 t − 1 year t − 2 years t − 3 years

GR76 Sandy soil
No groundwater influence

* *** ** * 0.74 0.66**

GR91 * *** ** * 1.04 0.65**

SP43 Sandy soil
no groundwater influence

* ** * * 0.68 0.57**

DÜ93 Sandy soil
No groundwater influence

* ** ** * 0.70 0.56**

DÜ98 ** *** * * 1.15 0.65***

DÜ60 Sandy loamy soil
no groundwater influence

* * * 0.79 0.51*

TE74 Sandy soil
no groundwater influence

* ** * * 0.95 0.58**

SP92 Sandy soil with a
shallow groundwater

* 0.98 0.32*

Note: Only the site SP92 is influenced by groundwater.

*, **, and *** denote significance at p < 0.05, p < 0.01, and p < 0.001, respectively.

F I G U R E 7 Development of tree ring width (TRW) of four typical pine stands in Berlin: Comparison of measured data (dots) and predicted

values (triangles) based on water stress coefficients (Eact-Aug/Epot-Aug) of August for the current (t) and previous three years (t − 1, t − 2, t − 3).

Predictions were done using the stand specific Equation (15).

5 Principles

The ratio of actual to potential evapotranspiration
(Eact-s/Epot-s) in the vegetation period depends on both:

WS and potential evapotranspiration itself. WS can be easily
estimated by half of the (1) soil available water (PAW) in the
effective root zone, (2) summer precipitation (Ps), and (3) in
case of a shallow groundwater table, by capillary rise (Qa)
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WESSOLEK ET AL. 12 of 17Vadose Zone Journal

F I G U R E 8 Principles of the TUB-BGR approach using a water

supply (WS) threshold (Wessolek et al., 2008). PAW, soil available

water.

from the groundwater to the root zone, hence:

WS = 0.5PAW + 𝑃s +𝑄a (16)

Field measurements show that, in most years, tree roots
do not completely extract the soil water during the vegeta-
tion period, therefore total, that is, potential PAW was reduced
by half of PAW, further information on deriving Qa are given
within the explanations of the HPTFs.

As mentioned before, the WSC can be defined as the ratio
of Eact-s/Epot-s (-), where Eact_s and Epot-s denote the actual and
potential evapotranspiration during the summertime (April 1–
September 30), respectively. The WSC can characterize the
influence of various WS conditions on plant growth.

To obtain a convenient estimation of WSC using easily
available site information only, two HPTFs were derived
for pine tree stands and compared with daily calculated
simulation results using SVAT.

The first HPTF is a very simple approach, just using the
ration of WS and Epot-s by:

WSC = WS∕1.2𝐸pot−s (17)

in which 1.2 is used as an approximation, considering that
potential evapotranspiration for trees is higher than for a grass
vegetation because of a higher roughness (DWA, 2023).

The second HPTF picks up the principles of the so-
called TUB-BGR approach, first published by Wessolek et al.
(2008). The idea behind this model is illustrated in Figure 8.

Eact/Epot reaches a certain threshold of WS, in this case
700 mm. Water used for evapotranspiration of the trees is
either coming from precipitation, soil pores, or from the
groundwater by capillary rise. If WS exceeds 700 mm, water
is not anymore a limiting evapotranspiration factor, thus, Eact

can be easily predict by Equation (18) using Epot only. Please
note that Eact can surpass Epot, because the original Epot for-
mula has been developed as a standard formula for grassland,

while Epot for pine trees is much higher and underlay an
increased wind speed resulting finally in a higher roughness,
as mentioned before.

The original TUB-BGR equation was slightly modified to
calculate pine tree transpiration for the vegetation period only:

𝐸act−s = 𝐸pot−y
[
1.68 log

(
0.5 PAW + 𝑃s+𝑄a

)
− 3.53

]

×
[
0.95 log

(
1∕𝐸pot−y

)
+ 3.52

]
(18)

𝐸act−s = 𝐸pot−y × 1.2 [0.66 log
(
1∕𝐸pot−y

)
+ 3.52 (19)

Since the actual capillary rise (Qa) from groundwater table
depends on both soil hydraulic functions and climate (poten-
tial evapotranspiration), soil- and climate-specific limitations
of total capillary rise needs to be considered in Equation (20).

First, one needs to calculate soil-specific capillary rise
rates: we call them ‘‘potential capillary rise rates’’ (Qpot)
because they express the potential daily upward flow rates
without climatic limitation. Steady-state capillary flow rates
can be predicted easily by the Darcy equation:

𝑄pot = −𝑘
(dℎ
d𝑧

+ 1
)

(20)

where Qpot is the potential capillary rise rate (mm day−1); h
is the pressure head (hPa); z is the vertical distance (cm); and
k is the soil hydraulic conductivity according to Mualem/van
Genuchten (cm day−1).

Integration of Equation (20) yields,

∫
𝑧2

𝑧1
𝑑𝑧 = ∫

ℎ2

ℎ1

−1
1 + 𝑞∕𝐾 (ℎ)

dℎ. (21)

Starting at the groundwater table where h = 0, one can
calculate pressure head profiles with depth, that is, h(z) for
various flux values (Qpot). Many authors (e.g., Bloemen,
1980, 1983; Brandyk & Wesseling, 1985; Renger & Strebel,
1980) calculated them by solving Equation (21) numerically
for various steady-state pressure heads and distances between
the groundwater table and the bottom of the effective root
zone. Figure 9 exemplarily shows such capillary rise rates for
the soils, for which the HPTFs were developed.

Next, land use specific time (t in days) during which one
can expect an active capillary rise is needed.

In Germany, this period takes about 120 days (t) for forests
with shallow groundwater tables. Detailed information is
given in Ad-Hoc AG Boden (2005). Hence, the maximum
annual capillary rise of groundwater (Qmax) into the root zone
is given by:

𝑄max = 𝑄pot∗ t (22)
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F I G U R E 9 Capillary rise rates from the groundwater table to the

root zone (= distance) for various soils.

Finally, we consider the upper limit of capillary rise
depending solely on climatic conditions. We call this the
“climate-controlled annual capillary rise” (Qcli), and it is
calculated using a site-specific equation:

𝑄cli = 1.3𝐸pot−s −
(
𝑃s + 0.5AWC

)
(23)

where Qcli is the climate-controlled annual capillary rise
(mm), Epot-s is the potential evapotranspiration from April 1
to September 30 (mm) and Ps is the precipitation from April
1 to September 30 (mm).

The empirical coefficient 1.3 in Equation (23) is an expres-
sion of methodological differences in the calculation of the
potential evapotranspiration in the SVAT model (done with
a modified Penman–Monteith-approach) and the FAO grass
reference evapotranspiration (as used to generate HPTFs). The
coefficient 0.5 in Equation (23) results from field measure-
ments on sites with a shallow groundwater table in which
capillary rise into the root zone started when soil water was
<50% AWC (Renger & Strebel, 1980).

Epot-s in Equation (23) can be easily calculated by a simple
linear regression equation relating the FAO grass reference
evapotranspiration of the summer half-year (Epot-so) to Epot-y

of the entire year (Epot-y). This has been predicted for various
long-term climate rows in Germany (Wessolek et al., 2008).
A linear regression analysis between Epot-y and Epot-s shows a
close relationship, the equation for German climate conditions
is given as follows:

Epot−s= 0.72Epot−y + 48
(
r2 = 0.9451

)
(24)

This close correlation is to be expected, since the vari-
ables are not independent. However, because the relationship
is being used not as an explanation but as a predictor only, the
plot is useful and informative.

Among other things, it shows that potential summer evap-
otranspiration is about 75% of the annual potential evapotran-
spiration, thus allowing people who need summer half-year
values (which are often not available) to estimate them from

100 150 200 250 300 350 400
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Trockenjahr 1989
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Eact-s/Epot-s (-)

F I G U R E 1 0 Eact-s/Epot-s (-) as a function of the groundwater

depth in dry (1976, 1976), and wet years (1958, 1977) for a sandy soil

in Berlin, Germany.

available annual values (which are usually available). To make
a realistic assessment of the actual amount of annual capil-
lary rise (Qa) needed in the HPTF, three conditions may be
distinguished:

if Qcli < 0, then Qa = 0
if Qmax > Qcli, then Qa = Qcli

if Qmax < Qcli, then Qa = Qmax.

5.1 Scenarios

To assess the suitability and accuracy of the two HPTFs, spe-
cific and long-term predictions of Eact-s/Epot-s were conducted
for diverse site conditions and climates. Both the SVAT-
model predictions and the results of the two HPTFs were
employed for this analysis.

The initial scenario presents Eact-s/Epot-s under various
groundwater depth and climate conditions, specifically for
two wet and two dry years (Figure 10). Simulations were con-
ducted on a daily basis for an old pine stand on sandy soil
using the SVAT-model. The results exemplify variations in
WSCs ranging from 0.45 to >0.8. Interestingly, in wet years,
WSC appears relatively independent of groundwater depth,
while in dry years, Eact-s/Epot-s is the lowest for pine stands
located on sites with a deep groundwater table. Consequently,
these findings lead to the decision to conduct a suitability test
for the HPTFs under two distinct site conditions: one with a
deep groundwater table and another with a shallow one.

Keeping these climate and groundwater induced WSC
variations in mind, both HPTF approaches were tested and
compared with the results of the SVAT model, which can be
interpreted as a referee. As mentioned before, the HPTFs use
the sums of summer precipitation and Epot as input data, while
the SVAT predictions are based on daily climate data. The
test should answer two questions: (1) can the HPTF recalcu-
late the WSC trend of the past and (2) are the absolute WSC
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F I G U R E 1 1 Eact-s/Epot-s predicted (dots) by the

soil–vegetation–atmosphere–transpiration (SVAT)-model (top, referee),

the TUB-BGR approach (middle), and expressed by the ratio of

WS/1.2*Epot-s (bottom). Dashed-line: 10-year averages. WS, water

supply.

values between groundwater distant and groundwater influ-
enced pine stands in the same order of magnitude as those
calculated with the SVAT model?

For this test, Berlin climate row from 1950 to 2021 was used
to predict WSC for a sandy soil with and without a groundwa-
ter influence. Results of these scenarios for an old pine stand
are presented in Figure 11 without any groundwater influence
and in Figure 12 for the same soil and climate conditions, but
with a shallow groundwater table in 1.4-m depth.

All in all, one can point out that both HPTF approaches
are well suited to predict WSC for both site conditions, that
is, with and without capillary rise. Even more, the trend and

F I G U R E 1 2 Eact-s/Epot-s predicted (dots) by the

soil–vegetation–atmosphere–transpiration (SVAT)-model (top, referee),

the TUB-BGR approach (middle), and expressed by the ratio of

WS/1.2*Epot-s (bottom). Dashed-line: 10-year averages. WS, water

supply.

shape of decreasing WSC since 1990 could be reconstructed
well using both equations. In addition, the absolute values
of the WSC predictions are in the same order of magnitude
compared to the daily simulation results of the SVAT model.

6 CONCLUSIONS

Long-term actual evapotranspiration of pine stands with
a deep groundwater table in Berlin, Germany, showed
slightly decreasing trend since about 30 years, while potential
evapotranspiration is strongly increased. Thus, WSCs (WSC
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= Eact-s/Epot-s) is dropping from about 0.7 in the past down
to actually 0.4, which can be interpreted as a key indica-
tor of climate change, that is, increasing risk of drought. In
contrast, pine stands with a shallow groundwater table com-
pensate increasing drought by capillary rise as long as the
water table keeps stable and is not falling. TRW is strongly
correlated with the WSC during the growing period. Within
this time, the month of August is the most relevant indicator
for pine tree growing on sandy soils in east Germany.

However, the relation between growth and evapotranspi-
ration depends not only on the water stress conditions of
the actual vegetation period, but also on the water stress of
the past years. With decreasing WS, this biological mem-
ory effect of water deficiency becomes stronger and exceeds
up to 5 years. For numerical model developer, it would be a
challenge to incorporate such kind of “memory function” in
common SVAT models for considering biological feedback
mechanism.

Two HPTFs have been derived and successfully tested
for predicting WSCs (Eact-s/Epot-s) for various climate and
groundwater depth conditions of Berlin by taking easily avail-
able site information into account. However, for other climate
regions, these HPTF equations certainly have to be adapted.
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