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ABSTRACT

The Aral Sea Basin in Central Asia is a region plagued by a severe water crisis caused by the rapid expansion
of irrigated land during the 19™ century. This has in turn resulted in some emerging environmental problems
including increased soil salinization. In order to understand the problem of salinity in farmlands, this study
attempted to detect salinized soil in the Zeravshan river basin in Uzbekistan using satellite analysis. 15 salinity
indices computed from MODIS spectral bands were applied. These indices were derived from existing
techniques and consist of both the direct and indirect methods of salinized soil detection. Evaluation of Electrical
Conductivity (EC) measurements collected from canals in this basin in August 2017 and MODIS reflectance
data showed that all bands have a sensitivity to salinity changes. Results show that vegetation indices generally
decreased with an increase in salinity, while reflectance indices increased with an increase in salinity. However,
all of the indices reviewed had a low correlation with the EC measured. The R? value for some of the vegetative
indices was: 0.0493 for Ratio Vegetative Index (RVI) and 0.0674 for Normalized Difference Vegetative Index
(NDVI) while that of Salinity Indices was: 0.1109 for Salinity Index SI2, 0.1001 for Salinity Index S3 and 0.0976
for Salinity Index SI1. These results reflect on the negative impact of salinity on vegetation since the vegetation
based indices decreased with an increase in salinity.
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1 INTRODUCTION

The Union of Soviet Socialist Republics (USSR) installed a massive scale irrigation project in the Aral Sea
from the late 19th century until the collapse of USSR in 1991 (Micklin, 2000). This has resulted in some emerging
environmental problems including excessive loss of water through low irrigation efficiency and increased soil
salinization. The overall irrigation efficiency is a product of water application and conveyance efficiency and in
this region, it is quite low with some studies estimating it to be between 30 and 50 percent (Nazirov, 2005; Ryan
et al., 2004). Furrow irrigation is the main irrigation application technique used and this leads to excessive use
of water beyond the plant water requirement. In addition, due to a lack of anti-filtration coating in the conveyance
and distribution systems, water is lost through infiltration. Secondary salinization is a common persistent
problem and occurs when the excessive application of irrigation water rises the groundwater level bringing the
dissolved salts closer to the soil surface. Irrigation water naturally contains some dissolved salts and when
plants use up this water, salts are left behind and eventually begin to accumulate. Central Asia is said to be one
of the most severely affected regions by the salinization of irrigated land worldwide (Owens, 2001). Toderich et
al., (2008) mentioned that, in the Syrdarya province, land affected by salinization, especially human-induced
increased from 87 to 95 percent within 5 years. Of this, more than 80 percent of the land was considered heavy
saline. A study by Bucknall et al. (2003) reported that water application rates in the basin are extremely high
leading to a reduced quality of farmland through rising groundwater table and induced soil salinization.
Ibrakhimov et al., (2007) also reported on the consequence resulting from the rising groundwater in Khorezm
region Uzbekistan. On average, secondary soil salinization is annually adding 3.5 to 14 tons per hectare of salts.

Figure 1 (a) below shows a farm with accumulated salt on the soil surface as a result of high groundwater
levels and (b) shows leaching water applied to a farm in Karakalpakstan located in lower Amu Darya. In order
to prevent salinity in the irrigated soils from affecting crops, leaching water is applied. Leaching is the process
of applying water in excess of the evapotranspiration needs of the crop in order to wash out salts in the root
zone. This process further increases the water demand during spring. In highly saline regions such as
Karakalpakstan, water for leaching accounts for one-third of the total water use (Bucknall et al., 2003). Central
Asia is located in an arid region and drought days are expected to increase more than three times in most areas

by the end of the 21t century (Hirabayashi et al., 2008). Since leaching and drainage are required to maintain
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salt balance in the soil profile and to sustain crop yield in arid areas, an accurate estimation of the extent of
salinized soil is required for planning environmental preservation and economic growth.

(a) Salinized farm (b) Leaching water applied in a farm

Figure 1. Irrigated farmland in Uzbekistan
FAO, (2016) reported that the assessment of salinization at the national level was found to be difficult and
very little information on the subject could be found. A study by Khujanazarov et al., (2012) reported that there
was an increase of salinity levels in the Zeravshan river basin with time and from upstream regions towards the
downstream as shown in Figure 2 below. This gradation of salinity is attributed to salt load in the return flows
from irrigated areas discharged via the collector drains, which are usually poorly maintained.
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Figure 2. Salinity increase along the Zeravshan River (Khujanazarov et al., 2012)

The conventional method, of measuring soil salinity by collecting in-situ soil samples, and analyzing the
solute content and electrical conductivity in the lab is both costly and time-consuming. Remote sensing
techniques are therefore being progressively applied for the monitoring and mapping of these saline soils. It
presents an invaluable opportunity for a detailed spatial and temporal observation of both the variability of
irrigated land area and soil salinization and shows the potential to overcome the lack of information on water
management in Central Asia at a regional scale (Conrad et al., 2007). Remote sensing analyses have been
carried out using a variety of techniques worldwide including thermography, spectral reflectance based indices
and vegetation based indices. These methods can be broadly categorized into two; direct methods and indirect
methods (Metternicht et al., 2003). Direct methods involve the reflectance of the bare soil while indirect methods
involve the assessment of vegetation type or condition. A study by Wang et al. (2002) using the Simple Ratio
Vegetation index (SRVI) reported an indication that canopy reflectance in the near-infrared spectral region was
reduced incrementally with increasing levels of salt stress. Wiegand et al. (1994) related NDVI to crop yield and
noted that cotton lint yields decreased by 43 + 10 kg per hectare for every 1 dS/m increase in salinity. Lobell et
al. (2010) predicted the ground estimates of EC using only averaged Enhanced Vegetation Index (EVI) and
reported a correlation of R? between 0.21 and 0.37. Several salinity assessment studies have used salinity and
vegetation indices with varying levels of success in their analysis of salinized soils.

The primary aim of this research is to employ satellite analysis to analyze the spatial variability of salinity in
the Zeravshan river basin. EC measurement of water from the conveyance and drainage canals was collected
from the upstream to the downstream region of this study basin in August 2017. Salinity gradation data along
the basin was then compared to the reflectance data of the MODIS bands to assess the sensitivity of the bands
to EC. Salinity and vegetation indices are derived from the interaction of different spectral band reflectance and
have been used widely in previous studies for the detection of salinized soils; with varying levels of success. In
this study, firstly, the sensitivity of MODIS bands to varying levels of EC was assessed and then I5 indices
derived from a combination of visible and near-infrared bands were employed in an attempt to detect salinized
soil in the basin.
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2 TARGET BASIN

Zeravshan river basin is the place of origin of the ancient agricultural and urban civilization of Central
Asia. It is densely populated with more than 100,000 people in the main cities of Bukhara, Navoi, and
Samarkand (ADB, 2010). This basin is heavily affected by the mismanagement of water resource not only
due to the large diversions of water for irrigation to crop fields, but also water is lost as a result of infiltration
into the soil and evaporation (Khujanazarov et al., 2012). At the turn of the 20™ century, this basin was cut off
from the Amu Darya river as a result of the increased diversions of water for irrigation. It previously constituted
a sub-basin of the Amu Darya. Unsustainable water use in this basin is also causing a zone of disconnect in
the river flow with the Zeravshan river retreating upstream due to reduced levels of water flow. Figure 3 below
shows the spatial extent of the Zeravshan river basin in the Aral Sea basin.
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Figure 3. Zeravshan river basin

3 METHODOLOGY

3.1 Salinity measurements in the Zeravshan river basin

A two-week field study was carried out in the Zeravshan river basin Uzbekistan from July 30th to August
14" 2017. This was part of a collaborative study with the International Center for Biosaline Agriculture (ICBA)
and the objective was to measure the spatial gradation of salinity with time along the basin. It forms part of a
complementary study to previous observations carried out 7 years ago from 2005 to 2010 by Khujanazarov et
al., (2012).

Salinity was measured using a portable EC meter along the Zeravshan river basin. The measurements were
taken from water in canals transporting water to the farms and also in drainage canals collecting water from the
farms. A study by Qiu et al., (2017) found a linear relationship between the EC in irrigation water and that of the
different soil layers. In this study, data was used to assess the spatial variability of salinity in the basin using
existing remote sensing indices due to the gradation of salinity with an increase from upstream towards
downstream.

3.2 Remote sensing indices for salinity assessment in the basin

MODO9GA product which contains the MODIS satellite bands 1 to 7 was used to calculate for the vegetation
and salinity indices at a spatial resolution of 500m. These indices are shown in Eq. [1-15] in Table 1 below.
MODIS is a sensor from NASA onboard the Aqua and Terra satellites which are polar orbiting. The product
provides an estimate of the spectral reflectance of the Terra satellite MODIS bands. The band data has been
corrected for atmospheric conditions such as gasses, aerosols, and Rayleigh scattering (Vermote et al., 2011).

Soil salinization in this basin occurs mainly due to secondary salinization, however, the local irrigation rules
which may be exacerbating the problem are unknown. The agricultural irrigation practices have induced high
accumulation of toxic salt in the Zeravshan river basin (Khujanazarov et al., 2012; Toderich et al., 2008). 15
salinity indices were applied in this study in an attempt to detect salinized soil. They are made up of both the
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direct and indirect methods of salinity detection and are based on the reflectance response of both the visible
bands (1,3 and 4) and near Infra-Red band 2. Red band (MODIS band 1) has a wavelength of 620-670nm, the
Near Infra-Red (MODIS band 2) has a wavelength of 841-876nm, the Blue band (MODIS band 3) has a
wavelength of 459-479nm and the Green band (MODIS band 4) has a wavelength of 545-565nm. In the near
infra-red, the spectral response of green leaves is much greater than in any portion of the visible spectrum while
in the visible red band, the reflectance is sensitive to the mesophyll structure of the leaf (CCPO-ODU, 2015).

MODO9GA product contains MODIS data in a gridded Sinusoidal projection format. For points existing in
the same tile but containing different EC values, the EC value representing the drainage was employed for
salinity assessment. This is because the drainage contains water from the farm and is more representative of
the conditions in it.

Table 1. Salinity indices used in this study

Indices Equation Applied studies
Ratio Vegetation RVI = NIR/R (Wang et al., 2002) [1]
Index
Normalized Difference NDVI = (NIR _ R)/(NIR + R) (Wiegand et al., 1994) [2]
Vegetation Index
EnhanC(leddVegetation EVI = 2.5(N|R _ R)/(NIR +6R—7.5BLUE +1) (Lobell et al., 2010) [3]
ndex
Normalized Difference NDSI = (R _ NIR)/(R + NIR) (Khan et al., 2005) [4]
Salinity Index
Brightness Index Bl = (R2 N NlRZ) (Bouaziz et al., 2011) [5]
Salinity Index S| = m (Khan et al., 2005) [6]
Salinity Index SI1= m (Bouaziz et al., 2011) [7]
Salinity Index 512 = \/G2 +R%+ NIR? (Bouaziz et al., 2011) [8]
Salinity Index 513 = \/m (Bouaziz et al., 2011) [9]
Salinity Index S1=Blue/R (Elhag, 2016) [10]
Salinity Index S2 = (Blue _ R)/(Blue + R) (Elhag, 2016) [11]
Salinity Index S3= (G % R)/ Blue (Elhag, 2016) [12]
Salinity Index S4— m (Elhag, 2016) [13]
Salinity Index S5 = (Blue x R)/G (Elhag, 2016) [14]
Salinity Index S6=(Rx NIR)/G (Elhag, 2016) [15]

4  Results and discussion

4.1 Spectral bands sensitivity to salinity
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Figure 4. Variation of spectral reflectance as a result of the difference in EC

The reflectance response of the MODIS spectral bands under different EC levels shows sensitivity to salinity
both in Day of Year (DOY) 196 at the beginning of summer and DOY 273 at the end of summer. These two
days were selected for analysis due to the presence of cloud free data from the study site. Summer is an
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irrigation intensive period with the main crop under irrigation being cotton. Salinity levels continuously increase
throughout the irrigation season (Qiu et al., 2017). In this analysis, pronounced sensitivity to salinity varied in
the different visible and short wave infra-red bands with no particularly clear trend as seen in Figure 4 above.
The correlation coefficient R-squared of EC and reflectance on both DOY 196 and DOY 273 are shown in Figure
5 below. This figure shows 4 bands, with the two bands which had the highest correlation in the two days used
in this assessment. R was highest; in the green band at 0.1209 and in the short wave infra-red band 5 at 0.1201
in DOY 196. While the highest RZin DOY 273 was; 0.1146 for the short wave infra-red band 6 and 0.1024 for
the red band. However, the trend was still not clear in this assessment.
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Figure 5 Correlation of EC with reflectance for MODIS bands

4.2 Salinity analysis using the 15 indices

In this study, a significant correlation between the vegetation and salinity indices employed and the EC
levels measured in the basin was not established. However, the value for vegetation based indices generally
decreased with an increase in salinity, while those of the reflectance indices increased with increasing salinity
levels. Figure 6 below shows RVI distribution in the Zeravshan river basin. RVI correlation with EC was found
to have a decreasing trend. This can be seen in (b) below for DOY 273. The correlation coefficient R? for the
indices is shown in Figure 7 (a) to (0) below. A study by Wiegand et al., (1994) found evidence of moisture
stress in high osmotic concentration which reduced the crop yield. This could explain why vegetation indices
reduced with an increase in salinity. Spatial analysis of the gradation of salinity in the whole basin was not very
clear both for the vegetation and salinity indices. This could be because of the crop type variability in the basin.
Reflectance varies not only due to the crop health but is also affected by the crop type. In addition, due to the
coarse resolution of MODIS, there are some mixed-cell effects where one mesh contains different crop types
and the retrieved reflectance data is influenced by this. In turn, the results of the computed index are affected.
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Figure 6 RVI distribution in the Zeravshan river basin
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Figure 7. Salinity indices used for salinity assessment in the basin
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5 CONCLUSIONS

EC collected along the Zeravshan river basin was found to increase from the upstream towards the
downstream. However, assessing the sensitivity of the 7 MODIS bands to salinity gradation along the basin
revealed no significant correlation between EC and the band reflectance. This is because reflectance is not only
a factor of crop health but is also affected by the varying crop type in the basin. In general, the vegetation indices
decreased with an increase in salinity while the reflectance indices increased with an increase in salinity.
Although 15 indices were employed in this study in an attempt to find the best-suited index for salinity detection,
the correlation coefficient R-squared was quite low. The highest R-squared value for the indices tested was
salinity index SI2 with R2 of 0.1109. Effects of soil salinization are mainly localized and a basin-scale analysis
may be affected by the mixed-cell effect where the retrieved reflectance data is contaminated by the influence
of different crop types and varying crop health.
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