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Abstract. We present a regional framework for an integrated and spatiotemporally distributed assessment of
human-induced trends in the hydrology and the associated
ecological health of a semi-arid basin where both human activities (i.e. agriculture) and natural ecosystems are highly
groundwater dependent. To achieve this, we analysed the recent trends (from year 2000 to 2010) in precipitation, evapotranspiration (actual and potential) and vegetation greenness (i.e. NDVI) using a combination of satellite and groundbased observations. The trend assessment was applied for the
semi-arid Konya Basin (Turkey), one of the largest endorheic
basins in the world.
The results revealed a consistent increasing trend of both
yearly evapotranspiration (totally 63 MCM yr−1 from croplands) and mean NDVI (about 0.004 NDVI yr−1 in irrigated
croplands), especially concentrating in the plain part of the
basin, while no significant trends were observed for the precipitation and potential evapotranspiration variables. On the
contrary, a consistent decreasing trend of both yearly evapotranspiration (totally −2.1 MCM yr−1 ) and mean NDVI
(−0.001 NDVI yr−1 ) was observed in the wetlands, which
also cannot be explained by trends in precipitation and potential evapotranspiration. The emerging picture suggest that
the greening trend of the vegetation and increasing of evapotranspiration in the plain are related to land cover changes
(i.e. conversion into irrigated croplands) and to the intensification of the supplementary irrigation for agriculture, which
in turn caused drying out of some wetlands and the natural vegetation which mostly depend on the groundwater, the
main source of irrigation water as well.

Our study presented an example of the utility of spatially
and temporally continuous RS data in assessing the regional
trends in hydrological and ecological variables and their interactions in a spatially distributed manner in a semi-arid
region, which can also be adapted to other regions. Such
spatiotemporally distributed analysis at the basin level is
particularly important considering that most of the water
management interventions also take place at this scale.

1

Introduction

In recent years, the response of water cycle components and
vegetation to the changing climate and anthropogenic effects
has been discussed and studied widely at global and regional
scales (e.g. Liu et al., 2013; Douville et al., 2012; Fensholt
et al., 2012; Liu and Yang, 2010; Jung et al., 2010; Zhang et
al., 2009; Milliman et al., 2008). Satellite observations have
been increasingly used in such studies, exploiting their potential of providing spatially continuous and temporally recurrent estimates over regional to global scales (Alsdorf and
Lettenmaier, 2003).
New et al. (2001) used gauge and satellite/merged precipitation data to analyse trends over global land areas in the
twentieth century and found a century-long trend of 9 mm,
which was considered quite small compared with multidecadal (and also interannual) variability of precipitation.
Also, Zhang X. B. et al. (2007) used monthly precipitation observations over global land areas to analyse precipitation trends in two twentieth century periods (1925–1999 and
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1950–1999), and showed that anthropogenic forcing has had
a detectable influence on observed changes in average precipitation within latitudinal bands, and that these changes cannot
be explained by internal climate variability or natural forcing. Apart from global-scale studies, others (e.g. Du et al.,
2011; Fensholt and Rasmussen, 2011; Lebel and Ali, 2009;
Hatzianastassiou et al., 2008; Zhang et al., 2005) assessed
the regional/continental precipitation trends and showed their
influences on stream flow, water level, soil moisture and
vegetation changes.
Jung et al. (2010) assessed the trends in the global land
evapotranspiration (ET) and its spatial distribution over the
past 27 yr. They compared the ET trends and their distribution with the trends in global potential evapotranspiration
(PET) and soil moisture distributions, and showed increasing
soil-moisture limitations on evapotranspiration largely explain the recent decline of the global land-evapotranspiration
trend. On the other hand, Zhang et al. (2012) assessed the
decadal trends in global evaporation using satellite and gridded meteorological data, and found that evaporation estimated from water balances of 110 “wet” and 87 “dry” catchments do not match with the estimates from three alternative
ET models. On these lines, Teuling et al. (2009) put forward a
regional perspective on the trends in evaporation, identifying
that the trends in evapotranspiration (and hence runoff) can
only be understood regionally (and temporally) by considering regional (and temporal) variations in the main drivers of
evapotranspiration, because the controlling mechanisms of
ET (i.e. energy demand and moisture supply) vary from region to region. Accordingly, several studies (Morrow et al.,
2011; Zhang et al., 2001, 2009; Zhang Y. Q. et al., 2007; Ryu
et al., 2008) conducted regional or catchment scale analysis
of trends in ET based on satellite observations, meteorological data, water balance and energy balance approaches.
With respect to vegetation trends, satellite-based vegetation indexes such as normalized difference vegetation index
(NDVI) are widely used to examine the dynamics of vegetation health, density, land cover and phenological changes.
However, it remains a challenge to produce a long-term, consistent, vegetation index time series across the sequence of
multiple sensor systems, not only due to their different spectral responses, spatial resolutions, swath width and orbiting geometry but also sensor degradations and drift in satellite overpass times. Therefore, several studies (Fensholt and
Proud, 2012; Fensholt and Rasmussen, 2011; Beck et al.,
2011; Alcaraz-Segura et al., 2010, among others) focused on
intercomparisons between different sensor data sets. Other
studies (e.g. Fensholt et al., 2012; Fensholt and Proud, 2012;
Fensholt and Rasmussen, 2011; Heumann et al., 2007; Julien
et al., 2006; Evans and Geerken, 2004) used NDVI time
series to assess the trends and the responses of vegetation
greenness to the changes in the climatic (e.g. rainfall and air
temperature) or anthropogenic drivers.
Apart from analysing the trends, some studies (Douville
et al., 2012; Milliman et al., 2008; Zhang X. B. et al., 2007;
Hydrol. Earth Syst. Sci., 17, 3779–3794, 2013

Evans and Geerken, 2004; Sharma et al., 2000) particularly
focused on attributing these trends either to the changes in
climatic variables (e.g. incoming radiation and temperature
changes) or to anthropogenic effects (e.g. changes in land
use or land cover). While some others also looked at the associated changes in the water budget and resources (Wada
et al., 2012; Famiglietti et al., 2011; Morrow et al., 2011;
Rodell et al., 2007, 2009; Tiwari et al., 2009; Zhang et al.,
2009; Yang et al., 2007; Konikow and Kendy, 2005) and
showed increase of nonrenewable groundwater depletion and
increase/decrease of river discharges in different regions.
Detection of trends and their significance generally requires consistent and long-term records of variables. However, some human-induced trends such as land-use changes
are likely to have an important role regionally (Jung et al.,
2010) and, if severe, their impacts can be detected in relatively short periods. For example, assessing the satellitebased estimates of groundwater depletion in India during
six years, Rodell et al. (2009) stated that despite the relatively short period of evaluation, other evidences supported
their conclusion that severe groundwater depletion is occurring as a result of human consumption rather than natural
variability. As revealed by many other studies (Famiglietti
et al., 2011; Scanlon et al., 2010; McGuire, 2009; Rodell
et al., 2009; Tiwari et al., 2009; Karami and Hayati, 2005;
Konikow and Kendy, 2005), persistent groundwater depletion have been occurring in different regions, leading to
falling groundwater levels (Gleeson et al., 2010). The results of a global scale study by Wada et al. (2012) show
that nonrenewable groundwater abstraction (to sustain irrigation) globally contributes nearly 20 % to the gross irrigation (for the year 2000) and has more than tripled since 1960.
Groundwater is not only essential to global food security providing an irrigation buffer against climate extremes but also
affects terrestrial ecosystems by sustaining river base-flow
and root-zone soil water in the absence of rain (Fan et al.,
2013). Therefore, the value of groundwater is expected to
increase in coming decades as temporal variability in precipitation, soil moisture and surface water are projected to
increase under more frequent and intense climate extremes
associated with climate change (Taylor et al., 2013), and also
along with the rising population and their food demands,
particularly in emerging countries such as India, Pakistan,
China, Iran, Mexico and Turkey, among others. The semiarid Konya Basin in central Anatolia (Turkey), which is one
of the biggest endorheic basins in the world, is a characteristic example of groundwater resources under strong anthropogenic pressure. Over the last few decades, the basin experienced huge non-renewable groundwater abstraction for irrigation, which caused approximately 1 m yr−1 head decline
(Bayari et al., 2009).
In this study, we analyse the recent trends (from year 2000
to 2010) in precipitation, evapotranspiration (actual and potential) and vegetation greenness (i.e. NDVI) using satellitebased observations. On this basis, we assess the distribution
www.hydrol-earth-syst-sci.net/17/3779/2013/
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Fig. 1. The geographic location (top left), vegetation distribution (leaf area index map, top right), and SRTM-based elevation map with the
locations of the meteorological stations (main panel) of the study area (adapted from Gokmen et al., 2012).

of the human-induced changes in the hydrology and the
associated ecological health of the semi-arid Konya Basin
where both human activities (agriculture) and natural ecosystems are highly groundwater dependent. More specifically,
this study aims at
1. Providing a framework for a RS-based and integrated
assessment of ecohydrological trends and their causes
at regional scale.
2. Detecting trends and their significance in consistently
established time series of actual and potential evapotranspiration, precipitation, vegetation greenness (i.e.
NDVI) in a spatially distributed manner.
3. Inter-comparison of the observed trends and analysing
the correlations in order to identify consistencies and
to attribute them to the climate and/or human-induced
changes.
4. Analysing inter-relations between the trends in the
hydrological variables and the ecological health in
the region.
2
2.1

Materials and methods
The study area

The Konya Basin is located in central Anatolia, Turkey, between 36.8◦ N, 31.0◦ E and 39.5◦ N, 35.1◦ E. The basin covers a surface area about 54 000 km2 , with elevations ranging
www.hydrol-earth-syst-sci.net/17/3779/2013/

from 900 to 3500 m above sea level (Fig. 1). There are extensive plains in the central and downstream areas, making the
Konya Basin one of the most important agricultural regions
of Turkey. Parts of these plains are occupied by two large
lakes: the hyper-saline Tuz Lake in the downstream part and
the freshwater Lake Beysehir in the upstream part. Numerous smaller fresh/brackish water bodies and wetlands were
present in the mid- and downstream areas, and some of which
have dried out in the last decades.
The region has a typical arid to semi-arid climate with a
long-term average yearly precipitation of 380 mm (unpublished data from State Hydraulic Works, DSI), spatially ranging from 250 mm in the plain parts up to more than 1000 mm
in the mountainous areas (Gokmen et al., 2013). The summers are hot and dry (with a maximum temperature reaching
∼ 40 ◦ C) whereas winters are cold and wet (the minimum
temperature may go down to ∼ −20 ◦ C). While the southwestern upstream part shows a warmer and wetter Mediterranean character, the rest of the basin has a drier, continental
climate, isolated from the moderating effect of the Mediterranean Sea by the Taurus mountains in the south.
The land cover in the low-lying areas of the basin shows
a strong contrast between intensively irrigated agricultural
lands and the sparsely vegetated steppe areas covering the
mid- and downstream plains (Fig. 2a), where natural vegetation is dominated by Artemisia grasses (Fontugne et al.,
1999). The adaptation methods of the natural vegetation to
drought stress differ between the downstream area where the
groundwater is shallow and soils are saline, and the rest of the
region, where the groundwater table is located between 35 to
Hydrol. Earth Syst. Sci., 17, 3779–3794, 2013
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Fig. 3. Flowchart of trend analysis using satellite-based data sets.

2.2

Methods

A systematic framework is essential for detecting trends
(Burn and Elnur, 2002). In this regard, we first established
a consistent and spatiotemporally continuous time series of
the variables, and then applied widely used statistical tests
such as Mann–Kendall trend and Pearson’s correlation tests
and linear models to detect the significance, direction and
magnitude of the trends and correlations. Figure 3 presents a
flowchart of the analysis. The methods and the data sets are
described below.
2.2.1

Fig. 2. (a) Corine land cover classification map of the Konya Basin
(source: Ministry of Environment and Forestry); (b) distribution of
the groundwater abstraction wells in and around the Konya Basin
(source: unpublished data by State Hydraulic Works, DSI).

50 m depths. In the mountainous parts, forest and shrub lands
form the dominant land cover. The distribution of agricultural
crops (based on data from 2007) is as follows: 38 % cereals,
28 % sugar beet, 19 % vegetables, 13 % fruits and 2 % other
(unpublished data from State Hydraulic Works, DSI).
Although surface water is also utilized, groundwater is the
main source of water for irrigation. It can be accessed almost anywhere in the flat areas of the basin by means of 50
to 250 m deep wells (Bayari et al., 2009) abstracting from
the Neogene aquifer. According to an unpublished inventory conducted by the regional water authority (DSI), there
are more than 90 000 groundwater abstraction wells, around
75 % of which are unregistered, in the Konya Basin. The
distribution of the groundwater abstraction wells is shown
in Fig. 2b. Most of the wetlands and the water bodies in
the region can also be classified as groundwater-dependent
ecosystems.

Hydrol. Earth Syst. Sci., 17, 3779–3794, 2013

Harmonic analysis of time series

A harmonic analysis of time series (HANTS) algorithm was
developed by Verhoef et al. (1996), which uses an iterative
curve fitting starting with all data points and sequentially
removing the pronounced negative outliers. Clouds always
have a negative influence on the NDVI and therefore taking
the maximum value of the NDVI over a limited period (i.e.
maximum value compositing) tends to remove most cloud
contaminated observations. The HANTS algorithm also removes the effect of clouds on the NDVI value, but by using
an iterative curve fitting, that is, a least squares curve is estimated based on all data points, and the observations that
have the greatest negative deviation from the curve therefore
are removed first. Next a new curve is computed based on
the remaining points and the process is repeated (Julien et
al., 2006). Eventually the iteration leads to a smooth curve
that approaches the upper envelope over the data points. As
a result, more reliable estimates of yearly NDVI averages
and first harmonic amplitudes and phases are achieved. The
amplitude of the first harmonic indicates the variability of
vegetation productivity over the year. The phase of the first
harmonic summarizes the timing of vegetation green-up.
2.2.2

Trend and correlation analyses

The time series of all the hydrologic variables and vegetation greenness (NDVI) were analysed using the Mann–
Kendall non-parametric test for trend. Mann (1945) originally used this test and Kendall (1975) subsequently derived
the test statistic distribution. The Mann–Kendall test has two
www.hydrol-earth-syst-sci.net/17/3779/2013/
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parameters that are of importance for trend detection: the significance level that indicates the trend’s strength (p value),
and the slope magnitude (Kendall’s Tau) estimate that indicates the direction as well as the magnitude of the trend. After
detecting the significance, direction and magnitude of trends
by the Mann–Kendall test, the quantities (slopes) of trends
are determined using linear models.
In order to apply the trend analysis in a spatially distributed manner, the Mann–Kendall test was applied using
the R software and the Kendall package for R (http://cran.
r-project.org/web/packages/Kendall/Kendall.pdf).
Pearson’s correlation test (r) was applied to assess the correlations between the time series of different variables. The
test has two key properties of magnitude and direction indicated by Pearson’s r value ranging between −1 and 1. Pearson’s correlation test was applied using the R software and
rcorr function of Hmisc package for R (http://cran.r-project.
org/web/packages/Hmisc/Hmisc.pdf).
2.3

Fig. 4. Input data for SEBS-SM and flowchart for obtaining yearly
ET (Adapted from Gokmen et al., 2013). In the figure, T0 : surface
temperature, Tair : air temperature at reference height, LAI: leaf area
index, NDVI/fc: normalized difference vegetation index/fraction of
vegetation cover, SM: soil moisture, SWR/LWR: short-wave incoming radiation/long-wave incoming radiation, rah : aerodynamic
resistance, z0h : roughness height for heat, z0m : roughness height for
momentum, kB−1 : dimensionless excess resistance parameter.

Data

Table 1 provides a summary of the input data that were used
to obtain the hydrological and vegetation variables for time
series analysis. Our study covered the period between 2000
and 2010, which was mainly limited by the start of MODIS
satellite observations. MODIS data are highly suitable for regional scale studies thanks to its moderate spatial (1 km) and
high temporal (daily) resolutions, and formed the core data
sets for ET and vegetation variables in this study. Further details of data and models that were used to obtain the time series of variables are described in the following sub-sections.
2.3.1

3783

ET data

Nowadays RS-based surface energy balance models are increasingly used to determine the distribution of evapotranspiration from field to global scales. The physically based and
single source SEBS model (Su, 2002) is one of the surface
energy balance models widely used by the scientific community. SEBS estimates actual evapotranspiration (ET) using
RS retrievals and meteorology data, and it has been applied
in many regional to global studies (Gokmen et al., 2013; Ma
et al., 2007, 2012; Pan et al., 2008, 2012; Vinukollu et al.,
2011; Jin et al., 2009; Oku et al., 2007; Jia et al., 2003). The
details of SEBS algorithm are provided in Su (2002) and Su
et al. (2001).
In this study, we used a modified version of SEBS called
SEBS-SM (Gokmen et al., 2012) for the estimation of the
spatiotemporal distribution of actual evapotranspiration. The
SEBS-SM (Gokmen et al., 2012) integrates soil moisture
through incorporating a water stress index into the model
for better accounting for moisture-limited evapotranspiration
regime, which is typical in semi-arid regions. The performance of SEBS-SM was tested by Gokmen et al. (2012)
through comparing it with ground data by Bowen ratio stawww.hydrol-earth-syst-sci.net/17/3779/2013/

tions, and also through establishing a yearly water budget
(Gokmen et al., 2013), and proved to be an overall improvement to the original model under water-stressed conditions. Gokmen et al. (2012) reported an overall relative error (rRMSE) of 26 % for SEBS-SM (which was originally
36 % for SEBS) according to the comparisons with observations from the Bowen ratio stations installed in in the
Konya Basin. With respect to the yearly ET, SEBS-SM estimated a lower yearly ET than the original SEBS depending on the water-stress conditions. The magnitude of lowering by SEBS-SM was proportional to the aridity of the
area (mean: ∼ −120 mm, max: ∼ −400 mm), and was better matching with the low yearly precipitation values in these
areas (Gokmen et al., 2013).
Figure 4 provides a flowchart of obtaining the daily,
monthly and yearly ET by SEBS-SM. The SEBS-SM was
run on a daily interval for the study period (2000–2010). For
filling the data gaps and obtaining monthly/yearly ET, we
followed the methodology of Gokmen et al. (2013).
To retrieve the necessary input parameters for the model,
we used MODIS land products (https://lpdaac.usgs.gov/
products/modis_products_table) and AMSR-E and TRMMTMI soil moisture products (Owe et al., 2008). As shown
in Table 1, leaf area index (LAI) product of MODIS was
available only after July 2002. For the missing LAI input
data during 2000–2002, we used alternatively the formula by
Wang et al. (2005) to estimate the LAI from NDVI. Furthermore, for soil moisture input data, we used AMSR-E and
TRMM-TMI soil moisture products in combination, because
AMSR-E product was available starting from June 2002. The
use of two different data sets did not necessitate any intercalibration procedure because, as described in Gokmen et
al. (2012) in detail, SEBS-SM utilizes the time series of soil
Hydrol. Earth Syst. Sci., 17, 3779–3794, 2013
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Table 1. The summary of the data used in the study.
Variable

Input data

Source

Spatial resolution

Temporal resolution

Albedo
Emissivity
Land surface temperature
Leaf area index
NDVI
Surface soil moisture
Short-& long-wave radiation
Wind
Air Temperature
Pressure
Sunhours

MODIS
MODIS
MODIS
MODIS
MODIS
TRMM-TMI
AMSR-E
ECMWF
Meteo.station
Meteo.station
Meteo.station
Meteo.station

500 m
1000 m
1000 m
1000 m
500 m
∼ 25 km
∼ 25 km
∼ 75 km
Point data
Point data
Point data
Point data

16-daily
Daily
Daily
8-daily
16-daily
2–3 daily
2–3 daily
Daily
Daily
Hourly
Daily
Daily

2000–2010
2000–2010
2000–2010
2002–2010
2000–2010
2000–2002
2002–2010
2000–2010
2000–2010
2000–2010
2000–2010
2000–2010

Precipitation

TRMM-precipitation
Gauge-precipitation

TRMM
Rain gauges

∼ 25 km
Point data

Monthly
Monthly

2000–2010
2000–2010

Vegetation greenness

NDVI

MODIS

500 m

16-daily

2000–2010

Potential ET

Pan evaporation

Meteo.station

Point data

Daily

2000–2010

Evapotranspiration

moisture information as relative soil moisture (wetness) values that represent the water-stress conditions, and it is insensitive to absolute values of soil moisture.
In addition to the RS data, the necessary meteorological forcing data were obtained from the Turkish Meteorological Service for the 18 stations located in and around
the basin (Fig. 1). The point measurements of the stations were spatially interpolated using the natural neighbour interpolation. With respect to instantaneous and daily
air temperature, additionally, the local lapse rates were calculated for the mountainous areas and integrated (based on
a DEM) in the interpolation of air temperature data. Finally, the down-welling short-wave and long-wave radiation flux (Rswd and Rlwd ), boundary layer height and dew
point temperature at 2 m height were retrieved from the
high-resolution gridded ECMWF (The European Centre for
Medium-Range Weather Forecasts) interim reanalysis data
set (http://data-portal.ecmwf.int/).
In addition to actual ET (denoted as ET) time series data,
we also used the time series of potential evapotranspiration
(PET) as an indicator of climate-related changes, because it
is a representation of the atmospheric demand (e.g. changing radiation, or vapour-pressure deficit, which is often associated with temperature) for evapotranspiration. The spatiotemporal PET distribution of the Konya Basin was obtained using the class-A pan evaporation data from the 18
meteorological stations (Fig. 1) and the simplified formula
by Snyder et al. (2005).
2.3.2

NDVI data

We used the MODIS NDVI product MOD13A1, which is
designed to provide consistent spatial and temporal comparison of vegetation conditions. Global MOD13A1 gridded data are provided every 16 days (as 16-daily composite)
at 500 m spatial resolution. This product is computed from
Hydrol. Earth Syst. Sci., 17, 3779–3794, 2013

Temporal coverage

atmospherically corrected bi-directional surface reflectances
that have been masked for water, clouds, heavy aerosols, and
cloud shadows. The accuracy of these MODIS Vegetation
Indices has been assessed over a widely distributed set of
locations and time periods via several ground-truth and validation efforts and they are ready for use in scientific publications (https://lpdaac.usgs.gov/products/modis_products_
table/mod13a1).
Although the 16-daily composite NDVI product removes
most of the cloudy pixels by selecting the highest value of
NDVI during each 16-day period for each pixel, there can
still be some remaining cloud contaminated pixels especially
in regions experiencing long winter/wet season with continuous cloud casting. Therefore, we applied the HANTS algorithm for removing the effect of clouds on the NDVI value.
Finally, we resampled the originally 0.5 km spatial resolution
of MODIS NDVI product to 1 km resolution using bicubic
interpolation in order to match it with the resolution of other
variables.
2.3.3

Precipitation data

To establish the time series of the precipitation distribution, we used the monthly product of the Tropical Rainfall Measuring Mission (TRMM-3B43) combined with local rain gauge measurements. The TRMM algorithm combines 4 independent sources: (1) monthly average TMI
(TRMM Microwave Imager) estimate, (2) monthly average SSM/I (Special Sensor Microwave Imager) estimate,
(3) the pentad-average adjusted merged-infrared (IR) estimate, and (4) the monthly accumulated CAMS (Climate
Assessment and Monitoring System) and GPCC (Global
Precipitation Climatology Centre) rain gauge analysis. The
monthly TRMM product has 25 km × 25 km spatial resolution. (http://gcmd.nasa.gov/KeywordSearch/Metadata.do).

www.hydrol-earth-syst-sci.net/17/3779/2013/
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Fig. 5. The distributions of (a) significant trends, and (b) the magnitudes of the trends of yearly ET in the Konya Basin, and the histograms of the areas with (c) increasing trend, (d) decreasing trend
for different land covers.
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Fig. 6. Distributions of trends in the seasonal ET in the Konya Basin
for (a) spring, (b) summer, (c) autumn, (d) winter between 2000 and
2010.

Pan et al. (2008) indicated that TRMM products have large
differences compared to ground observations at short time
interval (3-hourly) but the discrepancies become smaller as
the aggregation time increases. They also report a positive
bias of the TRMM product. Similarly, Gokmen et al. (2013)
compared the wet and dry season 6-monthly TRMM rainfall data with the gauge observations, and found a positive
bias of around 80 mm by TRMM for the wet seasons in the
Konya Basin. Therefore, we used a bias-removed time series
of TRMM rainfall data based on the comparison by Gokmen
et al. (2013). Although the TRMM data is available starting
from 1998, we used a data set between the year 2000 and
2010 to be consistent with the other times series.
3
3.1

Results

Fig. 7. The distributions of the magnitudes of the trends in the seasonal ET in the Konya Basin for (a) spring, (b) summer, (c) autumn,
(d) winter.

ET trends

Figure 5a shows the distribution and direction of significant
trends in the yearly ET in the Konya Basin. According to
Fig. 5a, the areas with significant (p < 0.1) increasing yearly
ET are much larger than the areas with decreasing trend, although the increasing trend is not basin-wide but spatially
clustered in certain areas especially in the Konya plain part
(inside the polygon). When we look at the rate of change
(Fig. 5b), the highest increasing rates are observed in the
Konya plain part and reach up to 30 mm yr−1 , which would
mean more than 300 mm increase in the yearly ET during the
study period (2000–2010). With respect to the distribution of
the increasing ET areas over different land covers, Fig. 5c
clearly shows that this trend mostly occurred in irrigated
croplands, followed by non-irrigated croplands, pasture and
grassland. In terms of decreasing trend of ET, Fig. 5a, b and
d show that the decreasing trend occurred only in certain diswww.hydrol-earth-syst-sci.net/17/3779/2013/

tinctive places (e.g. around Lake Beyşehir and the wetlands
in the Konya plain indicated by smaller polygons), while the
rate of decreasing trend was especially higher in the wetlands
reaching around −30 mm yr−1 (Fig. 5b).
Results of the seasonal ET trend analysis are shown in
Figs. 6a–d and 7a–d. The distribution and direction of the
trend (Fig. 6a–d), except for winter, shows generally a similar pattern as the yearly trend with a dominantly increasing
trend especially in the plain part. The distribution was more
spatially concentrated in the summer compared to more dispersed distribution in spring and autumn. Comparing the seasons the decreasing trend was largest in winter, especially
in the mountainous part (outside the polygon). On the other
hand, from the distribution of the rate of trend for each season
(Figs. 7a–d) it is clear that the highest rate of change (both
increasing and decreasing) among all seasons occurred in the
Hydrol. Earth Syst. Sci., 17, 3779–3794, 2013
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Fig. 9. The distribution of areas with (a) increasing trend, (b) decreasing trend in yearly average NDVI for different land covers in
the Konya Basin.

Fig. 8. (a) False-colour composite of MODIS image (RGB = bands
7, 2, and 1), (b) distribution of NDVI trends and, (c) magnitudes
of the trends in the yearly average NDVI in and around the Konya
Basin.

summer, as can be expected, since this season has the highest
atmospheric demand for evapotranspiration. On the opposite,
the change of seasonal ET was lowest in winter (Fig. 7d),
since the contribution of the winter ET to the overall yearly
ET trend is the least among the seasons.
3.2

Trends in vegetation greenness

Figure 8 shows a false colour composite image and the distribution and the magnitudes of trends in the average yearly
NDVI in and around the Konya Basin during the study peHydrol. Earth Syst. Sci., 17, 3779–3794, 2013

riod (2000–2010). Figure 8b reveals two different regional
trends: a generally decreasing trend in the mountainous range
along the Mediterranean coast in the south, while in the inner parts where continental climate prevails, increasing trend
areas are generally observed including the Konya Basin, as
indicated by the polygon. On the other hand, Fig. 8c indicates that the areas with the highest rates of increasing trend
are observed in the Konya Basin (inside the polygon) with
rates reaching around 0.01 NDVI yr−1 .
When we focus on the distribution of the average NDVI
trends inside the Konya Basin (black-coloured polygon in
Fig. 8b), we firstly observe that the increasing trend is mainly
in the plain areas (inside the brown-coloured polygon) rather
than in the mountainous parts (between black- and browncoloured polygons). Furthermore, crossing the map of mean
NDVI trends (Fig. 8b) with the land cover map (Fig. 2a), we
found that the increasing trend of mean NDVI was mostly
observed in irrigated and non-irrigated cropland covers, followed by the pasture and grassland land cover (Fig. 9a). On
the other hand, Fig. 9b shows that the decreasing NDVI areas
are mainly wetlands (small polygons) and sparse vegetation.
Lastly, Fig. 10a and b show the distribution of the trend
and the rate of change in the amplitude of NDVI. Amplitude indicates the level of temporal variation in NDVI and
high amplitude means a wide range of seasonal variation.
Compared to the large areas with increasing trend for the
mean NDVI (Fig. 8b), the areas with increasing trend of
NDVI amplitude are smaller in the Konya plain (inside the
www.hydrol-earth-syst-sci.net/17/3779/2013/
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Fig. 10. (a) Distribution, and (b) magnitude of trends in the yearly
amplitude of NDVI in the basin.

black-coloured polygon). These areas are mainly related to
the increase in the maximum NDVI values due to intensification of irrigation and land cover changes. With respect
to the decreasing trend in the NDVI amplitudes, those are
observed in the wetlands (dark-blue coloured polygons) and
also in the mountainous parts (outside the black polygon –
mostly shrub and forest land covers), which can be related to
the either decreasing NDVI maximum values or increasing
NDVI minimum values. With respect to the rate of change in
NDVI amplitude, Fig. 10b shows that highest rate of increasing or decreasing amplitudes were localized in some parts of
the basin instead of a general homogeneous spread.
3.3

Partitioning of the anthropogenic effects from the
climate-driven changes in ET trends

To be able to attribute the causes of ET trends and their distribution, it is first needed to reveal the distribution of the
controlling mechanisms of ET (i.e. energy demand and moisture supply) (Teuling et al., 2009). Figure 11a shows the
distribution of the degree of water limitation given by the
criterion of Parsons and Abrahams (1994) who defined the
water-limited environments as the areas having a P PET−1
ratio less than 0.75. We can conclude that except for the upstream mountainous parts in the southwest, south and east,
www.hydrol-earth-syst-sci.net/17/3779/2013/
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Fig. 11. The distribution of (a) water limitation (b) the correlation
between P and ET in the basin.

the whole Konya plain (indicated by the polygon in Fig. 11a)
can be classified as highly water-limited environment with a
P PET−1 ratio of about 0.3. Additionally, we assessed the
correlation between the P and ET using Pearson’s correlation test: Figure 11b not only confirms the general pattern
provided by P PET−1 map (Fig. 11a) about the division
of moisture supply/energy demand control of ET between
Konya plain and mountainous parts, respectively, but also indicates some patches of energy-limited areas in the Konya
plain despite the low precipitation input (“no correlation”
areas in Fig. 11b). This can be partly related to additional
groundwater discharge to the wetlands (smaller polygons indicated by purple colour) and water bodies (e.g. hyper-saline
Tuz Lake in the north), which show that these ecosystems
are more groundwater- than precipitation-dependent to sustain high evapotranspiration rates. Apart from these naturally
groundwater-fed areas, the other energy-limited areas in the
Konya plain mostly correspond to irrigated croplands where
additional water supply (mainly from groundwater) is provided to sustain the crop water requirements.
To reveal further the causes of ET trends in the Konya
Basin, Fig. 12a–d show the distributions of the significance
and rate of trends in the climate-related variables of potential
evapotranspiration (PET) and precipitation (P ). According
Hydrol. Earth Syst. Sci., 17, 3779–3794, 2013
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Fig. 12. (a) The distribution and direction of PET trends, (b) the distribution and direction of P trends (c) the magnitude of PET trends,
(d) the magnitude of P trends. The black polygon shows the waterlimited part, the green polygons indicate the irrigated croplands and
the blue polygons the lakes.

to Fig. 12a, PET has an increasing trend in the southwest of
the basin, which includes the mountainous upstream part and
the southwest corner of the Konya plain (green areas inside
the black polygon). In terms of rate of PET trend (Fig. 12c),
the increasing trend reaches to 15 mm yr−1 in the mountainous part and gradually decreasing towards the inner plain
part. Note that the PET map is an interpolation result of point
data (see Sect. 2.3.1), so the level of spatial detail is coarser
than the satellite-image-based maps, that is, P and ET. With
respect to precipitation (Fig. 12b), there was only some small
patches of areas which had moderate (p < 0.25) decreasing
and increasing trends in the west (in and around lake Beysehir) and east of the basin, respectively. In these patches, the
rates of decreasing and increasing trends were around 10–
15 mm yr−1 .
Finally to be able to partition quantitatively the causes of
ET trends between anthropogenic (e.g. irrigation) and climate drivers (i.e. P and PET), Fig. 13a–b firstly show the
cross maps of ET versus PET and P trends, respectively.
Overlaying the trend distributions of ET and PET, we can
observe that most of the areas with significant ET increase
and decrease (dark blue and red colours, respectively) in the
Konya plain (water-limited part) had no significant trend of
PET (p < 0.1). Similarly, the combined distribution of ET
and P trends in Fig. 13b shows that, especially in the Konya
plain part, neither the increasing nor the decreasing trends
of ET had relation with the changes in P because there was
no significant trend of P in any direction in these areas. The
only part P and ET trends had correlation was around lake
Beysehir in the west (brown colour), where both ET and P
had decreasing trends, where ET had been depicted as relatively moisture limited (i.e. positively correlated with precipitation) in Fig. 11a and b. More specifically, Fig. 13c–d
Hydrol. Earth Syst. Sci., 17, 3779–3794, 2013

Fig. 13. (a) The cross relation between ET vs. PET trends, (b) cross
relation between ET vs. PET trends (Note that “N.S.” represent “Not
significant trend” in the legends of Fig. 13a and b), (c) histograms of
ET, PET and P trends for the energy-limited part (outside Konyaplain polygon), (d) histograms of ET, PET and P trends for the
water-limited part (inside Konya-plain polygon). Note that the histograms of all the three variables represents the represents the areas
with significant ET trend (p < 0.25) both in the energy- and waterlimited parts.

show the histograms of ET, PET, and P trends in the areas
with significant ET trend for energy and water-limited regions separately. Based on these histograms, Table 2 presents
the quantitative summary of attributing and partitioning of
ET trends in the energy- and water-limited parts. According
to Table 2, in the water-limited part, for a total ET increase of
about 135 MCM yr−1 (mainly croplands, Fig. 5c), only about
21 MCM yr−1 , which corresponds to about 16 % of total ET
increasing trend, can be attributed to the increasing trend of
PET in these areas, while the rest cannot be explained by
PET or P trends. With respect to the decreasing trend areas
of ET, neither PET nor P trend can explain any of the ET decrease, which is totally about −25 MCM yr−1 (mainly in the
wetlands and water bodies, Fig. 5d) in the water-limited part.
On the other hand, in the energy limited part, the whole of
the ET increasing trend (i.e. about 25 MCM yr−1 ) can be explained by the increasing PET trend of totally 44 MCM yr−1 .
While for the decreasing portion of ET in the energy limited
part (i.e. about −13 MCM yr−1 ), 65 % of it can be explained
by the decreasing trend of P (i.e. about −9 MCM yr−1 ).
Based on Figs. 12, 13 and Table 2, we can conclude that
the ET trends that occurred in the Konya plain, where moisture supply controls the ET regime, are mostly (about 84 %
of the increase and 100 % of the decrease) not related to the
changes in the climate variables such as P and PET. Hence,
the ET trends in the plain can mainly be attributed to the anthropogenic effects, such as land and water use changes (i.e.
conversion of lands to the irrigated croplands and intensification of groundwater irrigation), which is also supported by
NDVI trends of these land cover types (Figs. 8b and 9a). On
www.hydrol-earth-syst-sci.net/17/3779/2013/
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Table 2. The quantitative summary of ET, PET and P trends for the areas with significant ET trend (p < 0.25) in the energy- and waterlimited parts, separately.

Increase

Avg. (mm yr−1 )
Total (MCM yr−1 )

ET
13,6
135,8

PET
6.8
21.3

Ptotal
10,9
0,5

Decrease

Avg. (mm yr−1 )
Total (MCM yr−1 )

−13,8
−12,2

−0,3
−0,006

0,0
0,0

Increase

Avg. (mm yr−1 )
Total (MCM yr−1 )

7.9
24,8

8.4
44.3

13,4
1,1

Decrease

Avg. (mm yr−1 )
Total (MCM yr−1 )

−6,3
−13.3

0,0
0,0

−13,2
−8,6

Water-limited part

Energy limited part

Fig. 14. The conceptual model of the Konya Basin (adapted from
Gokmen et al., 2013).

the other hand, the ET trends that occurred in the mountainous part, especially in the southwest, are mainly related to
the climate-related PET and P trends.
3.4

Fig. 15. The histograms of (a) average, (b) total ET changes and (c)
average NDVI changes in the areas having significant trend (for p <
0.1 significance level), (d) the distribution of the overlaid trends of
ET and NDVI in the Konya plain during the study period (2000–
2010).

Interactions between the water use (irrigation) and
ecosystems (wetlands) health

In the Konya Basin, groundwater is the main source of water
for irrigation (about 80 % according to Gokmen et al., 2013),
because it can be accessed almost anywhere in the flat areas
of the basin (Bayari et al., 2009). The conceptual diagram
(Fig. 14), shows that the regional groundwater flow, from
the mountains in the south towards the terminal Tuz Lake
in the north, discharges at some wetlands and water bodies around the basin and sustains the ecosystems. As these
groundwater-dependent ecosystems are highly sensitive to
groundwater level changes, they are also directly affected by
the agricultural activities that utilize groundwater as a source
for irrigation.
Figure 15a and b show the changes in the average and total volume of ET per year for different land cover classes
in the water-limited Konya plain, which experienced mainly
human-induced trends as shown in Sect. 3.3. According to
www.hydrol-earth-syst-sci.net/17/3779/2013/

Fig. 15a, irrigated croplands had the highest average increase
of ET with 6.4 mm yr−1 , while the only decrease of ET was
for wetland with a rate of −2.8 mm yr−1 . With respect to the
changes in the total volumes of water evaporated in the areas
having significant trends (p < 0.1), irrigated croplands was
again leading with a totally 47.1 MCM yr−1 increase of ET
(which means more than 500 MCM increase of ET overall
during 2000–2010 study period), followed by non-irrigated
croplands with a total increasing volume of 15.6 MCM yr−1 .
On the other hand, wetlands had a total decreasing volume of
−2.1 MCM yr−1 , which adds up to about −23 MCM overall
during 2000–2010 study period.
Moreover, showing the histogram of changes in the yearly
average NDVI for different land covers, Fig. 15c indicates
a similar distribution to Fig. 15a that the highest increasing
rate of NDVI was observed for irrigated croplands (0.004
NDVI yr−1 ), while the only decreasing rate was observed for
Hydrol. Earth Syst. Sci., 17, 3779–3794, 2013
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wetlands again (−0.001 NDVI yr−1 ). Finally, Fig. 15d shows
the overlaid distributions of both ET and NDVI to analyse
if their trends also spatially correspond to each other. Figure 15d indicates that there is generally a good agreement
for both significant increasing (purple colour) and decreasing (dark brown colour) trend areas, which suggest the drying trend of wetlands in the Konya plain is the direct result
of the increasing rate of evapotranspiration from the croplands because the increasing irrigation water use is depleting the groundwater resources, upon which the wetlands are
dependent on.

4

Discussion

Putting forward a regional perspective on the trends in evaporation, Teuling et al. (2009) stated that identifying the trends
in evapotranspiration (and hence runoff) can only be understood regionally (and temporally) because the controlling
mechanisms of ET (i.e. energy demand and moisture supply)
vary from region to region. In addition, Douville et al. (2012)
state that, among the water cycle components, changes in ET
are easier to detect and attribute than changes in precipitation
or runoff given their stronger signal-to-noise ratio, because
precipitation and runoff are intermittent and non-linear processes whereas ET occurs every day and is much better time
integrator of regional change (climate, land and water use,
among others). Therefore, following a regional perspective,
we used the time series of RS-based ET estimations as the
key variable to assess the distribution of the ecohydrological
changes in the semi-arid Konya Basin.
Detection of trends and their significance with confidence generally requires consistent and long-term records
of variables considered, especially in the case of detecting
climate change driven trends. In this respect, 11 yr period
(2000–2010) of this study, which was mainly limited by the
availability of one of the core data set (i.e. MODIS), was
relatively short especially for assessing the climate-related
trends. However, some human-induced trends, such as landuse changes, are likely to have an important role regionally
(Jung et al., 2010) and can be detected in relatively short periods as revealed by a previous study by Rodell et al. (2009)
about the satellite-based estimates of groundwater depletion
in India during six years study period. Similarly, presenting a
striking example of a semi-arid region where anthropogenic
factors (i.e. land-use changes and non-sustainable groundwater use) strongly affect the hydrological fluxes and ecosystems health, our study could reveal the human-induced trends
in the ecohydrology of the region in a relatively short period
of about a decadal timescale (2000–2010). However, in case
of applying such a framework for regions not subjected to
strong human influences, one must pay special attention to
the length of data that allow the detection of trends with high
statistical confidence (i.e. detection time). As stated by Leroy
et al. (2008), it is obvious that the longer the time series, the
Hydrol. Earth Syst. Sci., 17, 3779–3794, 2013

easier it should be to distinguish a trend from natural variability (and measurement uncertainty), because shorter periods
of record generally have small signal-to-noise (S / N) ratios
(Allen et al., 1994). The strong timescale dependence of S / N
ratios arises primarily because of the large decrease in noise
amplitude as the period used for trend fitting increases (Santer et al., 2011). Based on a hypothetical data set with certain statistical characteristics, Leroy et al. (2008) determined
the minimum detection time as about 33 yr for detecting a
global warming signal of 0.2 K decade−1 . Similarly, assessing the trend consistency over a range of timescales (from 10
to 32 yr), Santer et al. (2011) states that multi-decadal records
are required for identifying the human effect on the climate
variables (e.g. temperature) with high statistical confidence.
To ensure a reliable assessment of the ecohydrological
trends in a relatively short study period in the region, we
employed an integrated trend analysis of the ET time series
along with the time series of NDVI as the indicator of vegetation greenness, and P and PET as the representatives of
climate-related changes so that we could evaluate the consistencies between hydrological and vegetation trends and attribute the observed trends to climate and/or anthropogenic
effects. Assessing the multi-decadal changes in surface soil
moisture globally, Dorigo et al. (2012) not only merged different soil moisture products from different satellite sensors but also compared the observed trends with trends in
a precipitation data set, and a vegetation data set in order to
identify consistencies and potential shortcomings. Our combined assessment of the trends in ET and NDVI time series (2000–2010) revealed that hydrological and vegetation
trends were consistent with each other: significant (p < 0.1)
increasing trends were mainly in the croplands (Figs. 5c and
9a), while the significant decreasing trends (p < 0.1) were
mostly in wetlands (Figs. 5d and 9b). Furthermore, according to the comparison with the trends in climate-related P
and PET time series it was revealed that the observed ecohydrological trends (i.e. ET and NDVI) in the basin, especially in the water-limited plain part, were not related to the
climate-related variables (Figs. 12 and 13) except for only
about 16 % of the increasing ET trend being explained by the
increasing trend of PET (Table 2). The emerging picture suggests that the greening trend of the vegetation in the Konya
plain is mostly related to land cover changes (i.e. conversion
into irrigated croplands) and to the intensification of the irrigated agricultural activities, which in turn caused drying
out of some of the wetlands and the natural vegetation which
mostly depend on the groundwater, the main source of irrigation water as well. These findings are also in agreement with
the previous studies by Bayari et al. (2009) and Gokmen et
al. (2013), who reported groundwater depletion due to supplementary irrigation to sustain the agricultural activities in
the region.
With respect to the possible sources of errors in the analysis, it should be noted that the CORINE land cover map
(Fig. 2a) used in analysing the distribution of trends among
www.hydrol-earth-syst-sci.net/17/3779/2013/
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different land cover types was from 2006 (source: Ministry
of Environment and Forestry of Turkey), rasterized originally from a polygon map and resampled to 1 km2 resolution. Firstly, especially for croplands with fields of varying
sizes, conversion from the polygon map (with a smallest
mapping unit of about 0.001 km2 ) to such a medium-scale
pixel resolution (1 km2 ) is vulnerable to the mixed-pixel effect, which can affect the distribution of ET trends among
the land covers. Although irrigated croplands can be clearly
identified with their increasing ET and NDVI trends in the
Konya plain (Figs. 5c, 9a, 14a–c), some considerable increasing trends were also observed for pixels, which are indicated
on the maps as non-irrigated croplands and pasture/grassland
mostly on the edges of irrigated regions. Since no climaterelated trends were observed in the plain during the study period, the increasing ET and NDVI in these land cover types
can be partly explained by the mixed-pixel effect, that is,
there are patches of irrigated lands within non-irrigated pixels. Secondly, as the land cover map is only representative
for the year 2006, it is not fully representative for all changes
of land cover that have occurred in the Konya plain. Hence,
although shown as increasing trends in non-irrigated croplands and pasture in the figures (Figs. 5c, 9a and 15a–c), it
is likely that part of these areas were already fully converted
into irrigated croplands.
In addition, as the distribution of potential evapotranspiration (PET) was obtained from the point-base pan-A evaporation data of 18 meteorology stations (Fig. 1), there is certain errors attached to the interpolation of the point-based
data. According to the inter-comparison of the results by the
original point-base data and the interpolated map, the significance/signs of trends agreed on all the stations except
two (i.e. Konya and Nigde stations in Fig. 1), and quantitatively, the spatial average of the PET increasing trend by
the interpolated map was about 4.5 mm lower than the average of the stations that had significant increasing trend. In
all, such a difference of PET would cause an additional total PET of about 15 MCM in the significant change areas (in
both energy- and water-limited parts), which would still correspond to less than 10 % the total ET increase in these areas
(Table 2).

5

Conclusions

In this study, we analysed the recent trends (from year 2000
to 2010) in evapotranspiration, vegetation greenness (i.e.
NDVI) and precipitation using satellite-based observations to
assess the human-induced changes in the hydrology and the
associated ecological health of the semi-arid Konya closed
basin where both human activities (agriculture) and natural
ecosystems are highly groundwater dependent.
Based on our relatively finer scale (1 km) analysis of
the spatiotemporal trends, we conclude that the controlling
mechanisms of ET even spatially vary inside the region.
www.hydrol-earth-syst-sci.net/17/3779/2013/
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Therefore, for better assessment of the trends, it is necessary to analyse the spatial distribution of controlling regimes
together with trends of ET, also at sub-regional scale.
In arid and semi-arid regions, ET is the main and frequently the only outflux from the hydrological system, hence
it can be considered one of the key variables to understand the regional ecohydrological changes and trends, especially when driven by anthropogenic causes. We showed
that an integrated trend analysis of consistently established
ET time series along with vegetation (NDVI) and climate
variables (i.e. PET, P ) is effective to reveal the distribution
and quantity of human-induced changes in the hydrology
and the ecology of the semi-arid Konya Basin, where previous studies (Gokmen et al., 2013; Bayari et al., 2009) had
also indicated huge non-renewable groundwater abstraction
for irrigation, and corresponding groundwater head declines.
The integrated assessment of hydrological (ET), vegetation
(NDVI) and climate (P and PET) variables not only better
enable one to identify the consistencies among them but also
better separate the climate-driven and human-induced trends
spatially in the region.
Finally, our study presented an example of the utility of
spatially and temporally continuous RS data in assessing the
regional trends in hydrological and ecological variables and
their interactions in a spatially distributed manner in a semiarid region, which can also be adapted to other regions. Such
spatiotemporally distributed analyses at the basin and regional level is particularly important considering that most of
the water management interventions also take place at these
scales.
Acknowledgements. We thank to Maciek W. Lubczynski for his
support and valuable discussions about the research, especially regarding the groundwater related issues.
We thank to Hasan Z. Sarıkaya for his support for the realization
of the research, especially with regards to field studies.
We also thank to the staff of Regional Water Authority (DSI 4.
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