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Abstract

The remotely sensed Normalized Difference Vegetation Index (AVHRR NDVI) and

precipitation data were analysed in the Aral Sea region in Central Asia during two recent

decades. Both variables exhibited pronounced seasonal variation, with maximum precipitation

in March and maximum NDVI in May–June. The regions of synchronous seasonal and inter-

annual variability between the vegetation index and precipitation were distinguished using the

Empirical Orthogonal Functions (EOF) method and time-lagged correlations between EOF

modes. At a seasonal scale, precipitation and the vegetation index were correlated with a time

lag from 1 to 6 months in different regions with peak plant growth following precipitation

maxima.
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1. Introduction

Satellite imagery is a convenient tool for global monitoring of terrestrial
ecosystems; it enables regular detection of seasonal and inter-annual changes in
vegetation biomass (Tarpley et al., 1984; Tucker et al., 1985; Pinker and Laszlo,
1992). The Advanced Very High Resolution Radiometer (AVHRR) onboard the
National Oceanic and Atmospheric Administration’s (NOAA) polar orbiting
satellites has the longest record of research (Cracknell, 1997), exceeding two
decades. Several vegetation indices have been developed to measure the state of
vegetation from orbital platforms, based on combinations of two or more spectral
bands (Gutman, 1991; Bannari et al., 1995; Gobron et al., 2000; Gitelson et al.,
2002). These indices are correlated with various parameters characterizing the level
of vegetation dynamics, such as chlorophyll concentration (Buschmann and Nagel,
1993), photosynthesis (Sellers, 1985), carbon fluxes (Tucker et al., 1986),
evapotranspiration (Cihlar et al., 1991), green biomass and coverage (Tucker,
1979; Tucker et al., 1983, 1985; Elvidge and Chen, 1995), agricultural crops
(Rasmussen, 1997), etc.

The most widely used vegetation index for agricultural and ecological applications
is the Normalized Difference Vegetation Index (NDVI), introduced in 1970s (Rouse
et al., 1974). It is based on the general idea that chlorophyll pigments in leaves
absorb solar radiation in the visible part of the spectrum and strongly reflect and
backscatter radiation in the near-infrared band. AVHRR radiometer observes the
earth in visible (VIS) and near-infrared (NIR) channels (VIS ¼ 0.55–0.68 mm;
NIR ¼ 0.73–1.10 mm). This allows one to assess differences in vegetation on a global
scale. NDVI is defined as NDVI ¼ (NIR�VIS)/(VIS+NIR), which ranges from
o0.02 for deserts to 40.5 for fully developed canopies.

NDVI provides an appropriate tool for the analysis of vegetation at a wide range
of spatial scales, from 1 to 4500 km resolution (Justice et al., 1991). Attempts have
been made to use the AVHRR data for long-term monitoring of terrestrial
reflectance values and vegetation indices (Gutman, 1999; Kaufman et al., 2000).
These and other studies on long-term monitoring are motivated by the availability of
quality AVHRR time-series for the period of nearly 20 years.

The goal of this study is to analyse the seasonal and inter-annual variations of
NDVI in the region surrounding the Aral Sea, and to explore relationships with
contemporary variation in precipitation. In analysing NDVI patterns, we keep in
mind that NDVI is statistically correlated to vegetation but does not provide an
evidence for a distinct level of vegetation biomass and/or the presence of specific
vegetation types.
2. The Aral Sea region

The Aral Sea is a terminal lake (no outflow) located in Central Asia (Fig. 1). It
receives inflow from two rivers only: Amu Darya and Syr Darya. The surface area of
the Aral Sea was 68,320 km2 in 1960, making it the fourth largest inland water body



ARTICLE IN PRESS

55˚E 60˚E 65˚E 70˚E 75˚E

36˚N

38˚N

40˚N

42˚N

44˚N

46˚N

48˚N

50˚N

ARAL
SEA

USTYURT
PLATEAU

KAZAKHSKIY

MELKOSOPOCHNIK

KARA-KUM
DESERT

KYZYL-KUM

DEZERT

MUYUN-KUM

DESERT

Syr Darya River

KARATAU RANGE

TIEN   SHAN

FERGANSKAYA VALLEYZerafshan River

AmuDaryaRiver

KOPET-DAG R AN GE

Tedjen
R

iver

M
urgab

R
iver

PA
M

IR
S

HINDU KUSH0 200 km

Fig. 1. The Aral Sea region.
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on Earth. It existed in that form during the past 8–10 thousand years (Boomer et al.,
2000).

Amu Darya is the most important river within the Aral Sea basin (Froebrich and
Kayumov, 2004). Originating among glaciers and snowfields of the Pamir
Mountains of Tajikistan, Kyrgyzstan, and Afghanistan, it flows nearly 2400 km
from the mountains across the Kara-Kum Desert and into the Aral Sea. Average
annual flow from the drainage basin is around 79 km3 (Micklin, 2000). This includes
not only the flow of the Amu Darya and its tributaries but also several ‘‘terminal’’
rivers (Zeravshan, Murgab, Tedjen) that disappear in the deserts.

The flow of the Amu Darya is substantially diminished by evaporation,
transpiration from vegetation along its banks, and bed filtration as the river passes
across the Kara-Kum Desert to the Aral Sea. Even prior to the development of
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modern large-scale irrigation, average inflow of the river to the Aral Sea was around
40 km3, compared to 62 km3 coming from the mountains (Micklin, 2000).

The Syr Darya River flows from the Tien Shan Mountains, located to the north of
the Pamirs. It is chiefly fed by glaciers and snowmelt. Its total length is 2500 km. The
average annual flow of the Syr Darya River is 37 km3 (Micklin, 2000). Similar to
Amu Darya, even prior to modern age of irrigation, the loss of Syr Darya flow was
substantial during its long journey across the Kyzyl-Kum Desert, with less than half
(around 15 km3 on the average annual basis) of the water coming from the
mountains reaching the Aral Sea.

The Aral Sea area is classified as an ‘‘Arid-Temperate Climate’’ zone (Walter,
1985; West, 1983). The main part of this zone is covered by dry ‘‘feather-grass’’
steppes, semi-deserts, and deserts. In semi-deserts the plant cover consists mainly of
shrubs, especially the genus Artemisia. In deserts, ground is covered only in spring
with ephemeral plants. Total phytomass there is very small (o5 t/ha); at the same
time the delta of the Amu Darya supports luxuriant Populus– Halimodendron forests
rich in lianas, as well as large expansion of reeds (Phragmites), with total phytomass
as high as 77.8 t/ha (Walter, 1985).

Cold winter, on the one hand, and drought of late summer, on the other, limit the
growing season to a few months in spring and early summer. The total leaf area
developing during this period varies greatly from year to year according to rainfall.
In the plain area around the Aral Sea, cyclonic rain is still received from the Atlantic
Ocean, falling in the winter in the southern parts, and mostly in the spring in the
north; in any case, the soil here is always wet in spring after the snows have melted.
The winters are cold, hence evaporation during this season is very small. In summer,
potential evaporation is 10–15 times precipitation due to hot and dry weather
(Walter, 1985).

After 1957, the Aral Sea began to dry up as more and more water was directed to
irrigate cotton and other crops. In the past, the sea received 50–60 km3 of water a
year from its two main feeder rivers, but by the mid-1980s, river flow into the sea had
shrunk to 2–5 km3 a year (Keyser et al., 1999; Jarsjo and Destouni, 2004). As a result
of the reduced inflow, the water balance of the Aral Sea became negative after 1960;
evaporation from the lake surface was greater than the sum of the on-lake
precipitation and the reduced stream flow. As a result, the lake surface area
decreased �60%, the mean depth decreased from 15 to 8m, the water volume
decreased by 80%, and salinity increased from 10 to 435 ppt (Small et al., 2001b).
Desiccation has weakened the ‘‘lake effect’’ of the Aral Sea, influencing climate over
a distance of several hundred kilometers (Khan et al., 2004); air temperature near the
Aral Sea changed up to 6 1C (Small et al., 2001a).

The dramatic changes in the Aral Sea hydrology inevitably resulted in the changes
of land vegetation. The process of desertification implies the diminution or
destruction of the biological potential of land (Biswas and Biwas, 1980). We define
desertification as a transition from land areas covered by a dense vegetation canopy
to deserts with scarce plants. Unfortunately, the satellite-born NDVI record (starting
from 1981) is too short to reveal the entire process of the shrinking terrestrial
vegetation around the Aral Sea, which has been occurring at a large scale since the
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1960s. However, it is important to discern the difference between the catastrophic
anthropogenic impacts we observed around the Aral Sea and natural trends in
climate change, including changes in precipitation.
3. Data and method used for analysis

The NDVI data were obtained from the NASA Goddard Space Flight Center
Distributed Active Archive Center (GSFC DAAC). The monthly NDVI maps of
11� 11 latitude and longitude resolution were derived from the five-channel cross-
track scanning AVHRR aboard the NOAA Polar Orbiter ‘‘afternoon’’ satellites
(NOAA-7, -9, -11 and -14). The data span the period from July 1981 till September
2001, with a data gap in September–December 1994 due to satellite failure.

Precipitation information from the Aral Sea area was obtained from the data
collected and processed at the Global Precipitation Climatology Centre (GPCC) in
Germany. The GPCC products are gridded datasets of monthly total precipitation
derived from observed data measured by rain gauges. These products cover the
entire earth’s land surface. The spatial resolution is 11� 11 geographical latitude and
longitude. The GPCC rainfall data are based on completely quality-controlled data
from globally exchanged synoptic weather reports and monthly climate reports from
6000 to 7000 stations all over the world. The data were interpolated to area-means at
GPCC using the empirical weighting scheme SYMAP designed by Shepard (1968)
and modified by Willmott et al. (1985). In this method the monthly precipitation
amounts measured locally at stations were interpolated on a 0.51 grid. Area-means of
0.51 grid cells are calculated as arithmetic means of the interpolated data from the
four corners of the cell. Area-means on 2.51 or 11 grid cells were calculated from
means of all embraced 0.51 grid cells weighted with the portion of land-coverage
(Rudolf et al., 1992). This methodology does not take into account spherical
trigonometry in its area-based weighting calculations and as such, the grids produced
by GPCC are smoother in the equatorial regions and less so in the polar zones due to
the anisotropic weightings.

We used GPCC data for the period from January 1986 to November 2001. Spatial
coverage of NDVI and GPCC subsets analysed in this study was 35–501N and
55–741E. Hereafter we use abbreviations NDVI and GPCC to indicate monthly
global vegetation index from NASA archive and monthly global atmospheric
precipitation data from GPCC archive.

To illustrate spatial distribution of NDVI and GPCC over the study area, each
parameter in each 11� 11 grid node was averaged over the entire period of
observations (1981–2001 for NDVI and 1986–2001 for GPCC). Temporal variability
of NDVI and GPCC in each 11� 11 grid node was characterized by standard
deviation (SD) estimated using conventional statistical method. Then monthly
climatological maps of NDVI and GPCC were composed by averaging the data for
each month (January, February, etc.) over the entire observation periods in each
11� 11 grid node. These interpolated data were then subtracted from the actual data
to produce NDVI and GPCC seasonal anomalies.
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To analyse the spatio-temporal variability of NDVI and GPCC anomalies in the
entire study region, we used the statistical method of Empirical Orthogonal
Functions (EOF). This statistical approach is a convenient method for the analysis
of successive patterns of data distributed in space. The EOF method decomposes
space and time-distributed data into modes ranked by their temporal variance. A
mathematically similar statistical method (Principle Component Analysis) was
applied to NDVI images earlier for other purposes, e.g. for classification of
vegetation types (Tucker et al., 1985) and the analysis of change vectors in the multi-
temporal space (Lambin and Strahler, 1994).

The methodology of EOF is described in detail in Priesendorfer (1988). Each grid
of observations (NDVI or GPCC anomalies) is converted into a vector of the matrix
T with dimension M �N, where M is the number of spatially distributed points, i.e.
the number of grid nodes, and N is the number of observations over time (i.e. grids).
The matrix T was then decomposed into two additional matrices as follows:
T ¼ A .B, where A is M � I matrix and B is I �N matrix, with I being the number of
nonzero EOF modes. Taking into account the percentage of explained variance,
modes with eigenvalues 41 are considered significant. Then each vector of matrix A

is converted into a grid representing the contribution of this mode into different
areas of the region. The corresponding vector of B matrix was analysed using a
Fourier transform method to reveal the temporal scale of variations, with focus on
seasonal and inter-annual changes. The correlation functions between different EOF
modes of NDVI and GPCC were estimated to analyse the time-lagged relationships
between these parameters.
4. Results

4.1. General distribution and seasonal cycles of NDVI and GPCC

The spatial distribution of NDVI averaged over the entire period of observations
(July 1981–September 2001) is shown at Fig. 2a. The NDVI values vary from 0.02 to
0.3. NDVI values are lowest to the southwest of the Aral Sea (the Ustyurt Plateau),
in the desert areas Kara Kum and Kyzyl Kum, and in the zone of Pamir Mountains.
Low values of NDVI are observed in the latitudinal zone along 451–461N, i.e. from
the Aral Sea to the northern part of Muyunkum Desert. To the north of 451–461N
NDVI gradually increases. High NDVI values were found in the Ferganskaya Valley
and on the western slopes of Tien Shan and Pamir Mountains (i.e. in the upper
courses of Amu Darya and Syr Darya Rivers and their tributaries). High levels of the
NDVI vegetation index were also evident in the southern part of the study region,
along Kopet-Dag Range and in the basins of Tedjen and Murgab Rivers. High
NDVI indicates dense vegetation in the lower course of Amu Darya River near the
Aral Sea. At the same time, along the lower course of Syr Darya River NDVI is low.

Figure 2b illustrates the variability of NDVI. In general, the zones of high NDVI
variability coincide with the zones of high total values of NDVI. Nevertheless, some
differences are evident. The highest variation in NDVI (40.2) was located in the
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mountain regions of Tien Shan and western Pamirs, and in the northernmost zone of
the study region. This was attributed to pronounced seasonality; during winter snow
completely covers the vegetation. In other zones of high NDVI (Kopet-Dag Range,
the basins of Tedjen and Murgab Rivers, lower course of Amu Darya) the variation
in NDVI is less pronounced (SD ¼ 0.1–0.15), indicating less seasonality in more
southern latitudinal zones.

Figure 3a illustrates the spatial distribution of atmospheric precipitation (GPCC)
in the study region. The zones of high precipitation appear to correspond to zones of
high NDVI values. Maximum precipitation (430mm/month) occurs in western Tien
Shan, northern Pamir Mountains, and eastern Hindu Kush. Minimum precipitation
occurs around the Aral Sea, in Kara-Kum and Kyzyl-Kum Deserts. The zone of
high precipitation in the eastern Hindu Kush Mountains does not coincide with high
vegetation index. Also, the zone of rather high NDVI in the lower course of Amu
Darya (40.2) coincides with the zone of extremely low precipitation (o10mm/
month). Evidently, Amu Darya River seems to be an exclusive source of water for
the plants growing there. It is interesting that precipitation over the upper course of
Syr Darya exceeds precipitation observed at the upper course of Amu Darya.
Nevertheless, NDVI indicates dense vegetation in the zones near the Aral Sea fed by
Amu Darya rather than Syr Darya (Fig. 2a). Spatial distribution of GPCC
variability (Fig. 3b) reflects the spatial distribution of its total values, including
minor details.

Figure 4 illustrates the seasonal cycles of GPCC and NDVI averaged over the
entire study region. Minimum of GPCC (o10mm/month) occurs in August–
September. Then precipitation gradually increases until March with a maximum
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425mm/month; it then abruptly falls to 12mm/month in June. The NDVI
maximum occurs a few months later (in May) than precipitation maximum and is
less pronounced. The minimum vegetation index (about 0.05) occurs during winter
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(December–February). Then NDVI increases to 0.2 in April and the NDVI high
remains until late autumn. When analysing the seasonal patterns, we expected that
the NDVI maximum could lag the peak of vegetation biomass, because dormant,
senescent, and even dead plants in summer significantly contribute to the spectral
reflectance of grass canopy (Tucker, 1978).

The water balance of the Aral Sea region is estimated as 133 km3/year (Micklin,
2000). This value results from 116 km3 in Amu Darya, Syr Darya, and terminal
rivers in the basin of Amu Darya, and 17 km3 in ground-waters. Assuming the Aral
Sea basin area to be 1.8 million km2 (Micklin, 2000), we conclude that total
atmospheric precipitation contributes about 350 km3 of water per year. Less than
50% of this water feeds river flows and ground-waters, more than one-half returning
into the atmosphere with evaporation.

4.2. Spatio-temporal variability of vegetation index (NDVI) and atmospheric

precipitation (GPCC) anomalies

Hereafter we analyse NDVI and GPCC anomalies, i.e. the differences between
actual total values and monthly averaged climate data in every 11� 11 data pixel.
These anomalies were converted into the Tmatrix (300 pixels � 239 observations for
NDVI and 300 pixels � 191 observations for GPCC), which was decomposed into
two additional matrices (see the methodology section). Four leading EOF modes
were selected for the analysis of both NDVI and GPCC; the reason for the retention
of four modes was that the spatial distribution and temporal variation of these
modes yield reasonable explanations.

Figure 5 illustrates spatial distribution of the four leading NDVI EOF modes. The
first EOF mode explains 414% of total NDVI variability. It is associated with high
NDVI in the northern part of the study region and low NDVI in the upper courses of
Amu Darya and Syr Darya Rivers. Time-series analysis reveals slight decreasing
trend (Table 1) and temporal periodicity of 4–5 years (Fig. 6a). Minima of the first
EOF mode occurred in 1985, 1991, 1995, and 1999; maxima in 1989, 1993, 1997, and
2000. The long (2.5 years) persistent period of negative values starting from the
beginning of 1998 is noteworthy.

The second EOF mode explains 10.2% of NDVI variability. It is associated with a
high vegetation index in the mountains, especially in the upper course of Syr Darya,
excluding Ferganskaya Valley. Maximum of temporal periodicity is one year
(Fig. 6b), i.e. the second EOF mode is associated with residual seasonal variability.
Time-series of the second EOF mode exhibits slight trend toward increase (Table 1;
Fig. 6b); this trend is especially evident from 1980 to 1987. Then the second EOF
mode decreases by 1993, and then increases by 1996. In 1996–1997 a persistent
period of positive EOF values occurred, followed by a dramatic decrease by mid-
1998 and a new increase by 2000.

The third NDVI EOF mode explains 7.0% of variability. The maximum is located
in the catchment area of Syr Darya, in the Muyunkum Desert, and to the northwest
of the Aral Sea; minimum is in the upper course of Amu Darya and the basins of
Tedjen and Murgab Rivers. Linear trend is almost zero (Table 1; Fig. 6c). Fourier
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analysis reveals two-year periodicity. Time-series exhibits no evident trend by 1990,
followed by persistent period of negative EOF values in 1991–1994. In 1994–1997 the
range of variations of the third EOF mode was wider then before 1994: very low
value in the beginning of 1994 was followed by pronounced high value in the second
half of 1994; the persistent low value during 1996 was followed by high value in 1997.

The fourth NDVI EOF mode explains 6.9% of variability. Its maximum is
associated with high vegetation index on Pamir Mountains and on the Ustyurt
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Table 1

Linear trends of the time series of the first four EOF modes of NDVI vegetation index and GPCP

atmospheric precipitation

EOF mode Coefficients of equation Y ¼ A þ B � t

(Y—EOF mode; t—year)

Coefficient of

determination R2

A B

NDVI-1 16.206557 �0.008142 0.0158

NDVI-2 �33.727029 0.016936 0.0962

NDVI-3 �11.895121 0.005969 0.0175

NDVI-4 34.934351 �0.017537 0.1525

GPCP-1 �18.394332 0.009248 0.0118

GPCP-2 48.982687 �0.024543 0.1104

GPCP-3 4.027986 �0.002020 0.0008

GPCP-4 76.558927 �0.038393 0.4060

N.P. Nezlin et al. / Journal of Arid Environments 62 (2005) 677–700 687
Plateau and low NDVI in the upper courses of Murgab, Amu Darya, Zeravshan and
Syr Darya Rivers (Fig. 5). The maximum periodicity of temporal oscillations is five
years or more (Fig. 6d). An apparent decreasing trend was observed (Table 1); it was
especially pronounced from 1983 till 1995. During that period vegetation was
reduced in Pamir Mountains and increased in the upper courses of Amu Darya and
Syr Darya.

The first GPCC EOF mode explains 15.6% of total variability. High NDVI values
were observed to the north of the Aral Sea, with low NDVI values in the upper
courses of Amu Darya, Syr Darya, and their tributaries (Fig. 7). We suppose that
this EOF mode indicates negative correlation between precipitation in the northern
and southern parts of the study region, related to large-scale process of atmospheric
transport of moisture changing precipitation pattern. There was a slightly increasing
linear trend (Table 1; Fig. 8a). Fourier analysis revealed the dominance of long-term
periodicity (five years and more). Minima were observed in 1987, 1994, and 1998,
maxima in 1989, 1992, 1996, and 2000.

The second GPCC EOF mode explains 11.7% of precipitation variation. High
values were located in the southern part of the study region: in Kopet-Dag
Mountains, in the basins of Tedjen and Murgab Rivers, and in a small area in the
upper course of Amu Darya. Negative values of this EOF mode were located in the
northeastern part of the study region, in Muyunkum Desert, and in Hindu Kush
Mountains (Fig. 7). There was a decreasing linear trend (Table 1; Fig. 8b). The
maximum spectral density revealed by Fourier analysis was three years. After a
persistent period of high EOF mode in 1991–1992 it decreased; from 1992 to 1996
precipitation decreased in the southern part of the study region and increased in the
Hindu Kush Mountains and in Muyunkum Desert. In 1996 a persistent period of
low second GPCC EOF mode occurred, then from 1996 to the end of 1997 it
increased, and during 1998 again decreased to negative values.

The third GPCC EOF mode explains 10.7% of precipitation variability. Its
maximum was located in the upper course of Syr Darya and in Muyunkum Desert
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Fig. 7. Spatial distribution of four leading EOF modes of precipitation.
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and minimum in the southern part of Pamir and Hindu Kush Mountains (Fig. 7).
The linear trend was almost zero (Table 1; Fig. 8c). Long-term periodicity
dominated, with maximum three years or more. A slight decreasing trend was
observed from 1990 to 1995 with minimum in 1995–1996; then the third EOF mode
increased.

The fourth GPCC EOF mode explains 7.7% of total variability in precipitation.
The maximum values were located in the eastern Tien Shan and northern Pamir
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Fig. 8. (a) Temporal variations and spectral densities of the first EOF mode of precipitation (explains

15.6% of total variability); (b) Temporal variations and spectral densities of the second EOF mode of

precipitation (explains 11.7% of total variability); (c) Temporal variations and spectral densities of the

third EOF mode of precipitation (explains 10.7% of total variability); (d) Temporal variations and

spectral densities of the fourth EOF mode of precipitation (explains 7.7% of total variability). Dashed

lines indicate linear trends.
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Mountains and in Ferganskaya Valley, and in the northeastern part of the study
region. Minimum values were located in Muyunkum Desert and in the middle course
of Syr Darya (Fig. 7). The linear trend was negative (Table 1; Fig. 8d). The
maximum spectral density value exceeds five years. A gradual decrease is evident
from 1986 till 1998, followed by the trend toward increase.

The following conclusions are derived from the analysis of four leading EOF
modes of NDVI and GPCC:

Both first leading EOF modes of NDVI and GPCC exhibit similar spatial
patterns, with positive extremes in the latitudinal zone to the north of the Aral Sea
and negative extremes in the upper courses of Amu Darya, Syr Darya and their
tributaries. Moreover, some features of temporal variation in these modes were
similar: both modes had maxima in 1989 and 1996–1997, decreased from 1997 to
1998, and then increased again. Here we see a large-scale inter-annual correlation
between precipitation and the vegetation index related to the transport of
atmospheric moisture between zones located to the north and to the south of the
Aral Sea.

The second and fourth GPCC EOF modes exhibited a decreasing trend, the
second NDVI EOF mode tends to increase and the fourth NDVI EOF mode tends
to decrease during the entire period of observations. In general, these trends describe
an increase in precipitation in the Muyunkum Desert and in the most southeastern
part of the study region (the eastern Hindu Kush). At the same time, precipitation
decreased in the upper course of Amu Darya and to a lesser extent in Ferganskaya
Valley and eastern Tien Shan. As for long-term trends in vegetation revealed by the
second and fourth NDVI EOF modes, we observed an increase in the zones where
the second NDVI EOF mode is positive and the fourth NDVI EOF mode is zero or
negative (i.e., in the Muyunkum Desert). An opposite trend (zero or a decrease in the
second and zero or an increase in the fourth NDVI EOF modes) was observed in the
Kara-Kum and Kyzyl-Kum Desert regions along the lower courses of Amu Darya
and Syr Darya Rivers. We speculate that the redistribution of precipitation from
Ferganskaya Valley and surrounding Pamir and Tien Shan Mountains (where the
flows of Amu Darya and Syr Darya are formed) to Muyunkum Desert results in
more vegetation in Muyunkum Desert and less vegetation in the desert regions
located around the Aral Sea.

4.3. Time-lagged correlation between NDVI and GPCC anomalies

In addition to the analysis of long-term inter-annual variability, it is important to
understand time-lagged correlations between vegetation and precipitation anomalies
(i.e. the response of vegetation to variation in precipitation during several
subsequent months). In this section we analyse anomalies rather than total values.
An anomaly is when there a difference between the actual total value and the
seasonal climate data. A time lag was analysed over the period not exceeding 1 year.
We estimated time-lagged correlations between four leading EOF modes of NDVI
and four leading EOF modes of GPCC precipitation (Fig. 9). Below we use the terms
NDVI and GPCC with subscript indices indicating the leading EOF modes. Most
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combinations of GPCC and NDVI EOF modes exhibit a clear correlation, with
precipitation leading vegetation index from 0 to 6 months. The difference between
the time lags is of special interest and can be explained by different types of
vegetation (desert, steppe, etc.).

Both leading EOF modes of vegetation index and precipitation (NDVI1 and
GPCC1) were positively correlated with time lag of 3–4 months (Fig. 9a); NDVI
values to the north of the Aral Sea and in the upper courses of Amu Darya and Syr
Darya Rivers were positively correlated with precipitation observed in that region
3–4 months earlier. This time lag results from the well-known difference between the
seasonal patterns of precipitation (maximum in spring) and vegetation (maximum in
summer); more precipitation in spring results in more vegetation growth during the
subsequent summer.

We do not have an explanation for the relationship between the first NDVI and
the second GPCC EOF modes (Fig. 9b). NDVI1 is positively correlated with
GPCC2, but NDVI (vegetation index) was 1 month ahead of precipitation. During
the years when maximum precipitation was shifted from the eastern part of the study
region to its southern part (see Fig. 7) NDVI was higher in the northern zone and
lower in the upper courses of Amu Darya and Syr Darya Rivers (see Fig. 5). No
explainable correlation within 1-year time lag was observed between NDVI1 and
GPCC3.

NDVI1 and GPCC4 were positively correlated, with precipitation maxima
preceding the vegetation index by 1–2 months (Fig. 9d). This correlation is related
to the coincidence of the zones of positive EOF modes in the northeastern part of the
study region, and the zones of negative EOF modes in the upper course of Syr-Darya
and its tributaries. This regularity reveals short-scale relationship between rains and
vegetation in steppe and desert zones, where rains are usually followed by plant
growth 1–2 months later.

NDVI2 and GPCC1 exhibited a significant positive correlation with zero time lag
(Fig. 9e). The positive zones of EOF modes coincide only in the northeastern part of
the region (i.e. in the steppe zone) rather than in the zone of Aral Sea itself and the
rivers flowing into it (i.e. in the desert zone). This correlation indicates an immediate
response of vegetation to rain events in the steppe zone and the absence of this
response in the desert zone surrounding the Aral Sea.

NDVI2 and GPCC2 are negatively correlated, precipitation being 3–5 months
ahead of the vegetation index (Fig. 9f). The explanation is clear: the positive NDVI
EOF2 zone in the upper course of Syr Darya partly coincides with the negative
GPCC EOF2 zone, and the negative NDVI EOF2 zones in the south and the small
zone in the upper course of Amu-Darya coincide with the positive EOF2 zones of
GPCC EOF2 mode. More precipitation in these regions in winter–spring results in a
higher vegetation index 3–5 months later, in summer–autumn.

No explainable correlations were revealed between NDVI2 and GPCC3 (Fig. 9g),
between NDVI2 and GPCC4 (Fig. 9h), between NDVI3 and GPCC2 (Fig. 9j),
between NDVI4 and GPCC2 (Fig. 9n), and between NDVI4 and GPCC3 (Fig. 9o).

NDVI3 and GPCC1 were positively correlated; precipitation was 1–3 months
ahead of the vegetation index (Fig. 9i). Positive zones of EOF modes coincided only
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in the zone to the northwest of the Aral Sea. In the upper course of Syr Darya the
zone of positive NDVI3 coincided with the zone of negative GPCC1; the correlation
between precipitation and the vegetation index in this region is negative.

NDVI3 and GPCC3 were positively correlated, precipitation being 6–7 months
ahead of the vegetation index (Fig. 9k). Positive zones of EOF modes coincide in the
upper course of Syr Darya and in Muyunkum Desert to the north of Tien Shan
Mountains. The NDVI3 positive zone was located lower along the course of Syr
Darya as compared with the GPCC3 positive zone. It is reasonable to suggest that
this correlation reflects the process of water accumulation in the ground and in the
Syr Darya river bed during winter and spring; this accumulation results in a higher
vegetation index in summer and autumn.

NDVI3 and GPCC4 were negatively correlated, the response of the vegetation
index following precipitation within a wide range of time lags (1–7 months) (Fig. 9l).
This correlation is in accord with the correlation between NDVI3 and GPCC3. The
positive zone of NDVI3 in the middle course of Syr Darya coincides with the
negative zone of GPCC4 in the middle and upper course of Syr Darya. More
precipitation in that zone results in higher vegetation index there and downstream
during the whole vegetation growth period.

NDVI4 and GPCC1 were positively correlated, precipitation being 4–5 months
ahead of the vegetation index (Fig. 9m). The negative NDVI4 zone coincides with the
negative GPCC1 zone in the upper courses of Amu Darya and Syr Darya. More
water in winter and spring results in higher vegetation index 4–5 months later in
summer and autumn.

Finally, we failed to explain the correlation between NDVI4 and GPCC4 (Fig. 9p).
The correlation is positive, but the precipitation maxima are 0–2 months after the
vegetation index. We speculate that the dynamics of both precipitation and
vegetation index are correlated to many environmental factors (temperature, solar
radiation, wind, etc.) not considered in this study. The correlation between NDVI4
and GPCC4 seems to be nothing but a manifestation of the inter-annual variability
of complex climatic conditions around the Aral Sea.
5. Discussion and conclusions

Both atmospheric precipitation and the vegetation index in the study region
exhibit pronounced seasonal variation. The maximum in the vegetation index
occurring in May–June is 2–3 months after the maximum in precipitation (Fig. 4).
These seasonal patterns are typical of temperate latitudes and not discussed here.
Seasonal anomalies attract more attention, because they reveal the response of the
vegetation index to atypical (i.e. more wet or more dry) precipitation occurring
during different years. The time lag between precipitation and the vegetation index
anomalies varies within wide range (i.e. from zero to 6–7 months).

A short time lag (from 0 to 2 months) is typical of steppe regions in the
Kazakhskiy Melkosopochnik (‘‘small hills’’) area, in the zone to the northwest of the
Aral Sea, and in the upper course of Syr Darya. A longer time lag (3–4 months) is
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typical of the entire northern steppe area, the upper course of Syr Darya, and, to
much less extent, the upper course of Amu Darya. A pronounced time lag reflecting
the response of the vegetation index to precipitation about half a year later (i.e. an
increased vegetation growth in summer after increased precipitation in winter–
spring) is typical of the area along Syr Dara, the zone of vegetation response located
lower along the Syr Darya course as compared with the zone of precipitation.

The response of NDVI to rainfall events was noted in many arid regions (Tucker
et al., 1983; Nicholson et al., 1990; Maselli et al., 1993; Bastin et al., 1995; Richard
and Poccard, 1998; Schmidt and Karnieli, 2000; Fang et al., 2001). The correlation
between precipitation and NDVI emphasizes, on the one hand, rainfall as a limiting
factor for vegetation growth, and, on the other, NDVI as a good indicator of
vegetation in arid zone. One of the reasons is the absence of dense trees and shrubs.
Instead, a large part of the arid and semi-arid surfaces are covered by microphytic
communities of small non-vascular plants. When biogenic soil crusts are wet, the
NDVI value can reach 0.3 due to the photosynthetic activity of these small plants
(Karnieli et al., 1996, 1999; Schmidt and Karnieli, 2000). At the same time, in a more
humid natural environment where high canopy densities occur, NDVI is a less
effective indicator of plant biomass (Nicholson et al., 1990).

High correlation between precipitation and NDVI vegetation index is observed in
the steppe zone to the north of the Aral Sea, in the upper and middle course of Syr
Darya, and in the area to the north of Syr Darya, including Muyunkum Desert. At
the same time, to the southeast of the Aral Sea, especially along the lower course of
Amu Darya, we found no correlations between precipitation and the vegetation
index. The absence of correlations indicates that in that zone the rain and snow
water does not accumulate in the ground and does not sustain the development of
vegetation. We hypothesize that this difference between Amu Darya and other
regions could be explained by the intensive irrigation in that region started in 1960s
(Micklin, 2000); the most important human action in this zone was the construction
of the Kara Kum Channel. This improper water management resulted in that the
natural water from Amu Darya and its tributaries was dispersed in desert soil instead
of flowing downstream toward the Aral Sea. The result was a desiccation of the Aral
Sea and subsequent decrease of the sea area and volume. The absence of correlations
between water precipitation and the vegetation index illustrates that water not only
does not reach the Aral Sea, but also does not sustain vegetation growth along the
lower course of Amu Darya. Water in this zone is lost to both natural vegetation and
agriculture; this feature is a serious consequence of an anthropogenic catastrophe,
which took place in that natural region during the second half of the 20th century
(Micklin, 2004).

An inter-annual variability is evident from the EOF modes of atmospheric
precipitation and vegetation index. The precipitation over the catchment area of
Amu Darya gradually decreased during recent two decades (Nezlin et al., 2004). The
second and fourth NDVI EOF modes also indicate a long-term trend of decreasing
vegetation in the desert areas of Kara-Kum, Kyzyl-Kum, and Muyun-Kum. These
regions are most vulnerable to desertification, which is a self-accelerating process,
‘‘feeding on itself’’, because soil deterioration results in the destruction of the
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productive potential of land areas (see details in Biswas and Biwas (1980)). We also
have to take into account that the shrinking of the area of the Aral Sea decreased the
evaporation from its surface, which, in turn, decreased the precipitation over the
areas located far from the sea; this feedback relation, however, is beyond the scope of
our study.

Discussing the trends in atmospheric precipitation, we have to take into account
that the number of rain-gauge stations in the sparsely populated Aral Sea area is
small and the monthly precipitation values over wide areas were obtained by
interpolation based on the data points located far apart. The location of some
stations changed during 20 years, which may cause additional error. In future
studies, this problem can be partly solved by using remotely sensed precipitation
data (Huffman et al., 2002; Nezlin et al., 2004). However, the reliability of the latter
data is still questionable.

The period analysed in this study (16 years of GPCC and 21 years of NDVI) is too
short to reveal a significant correlation with the global climatological cycles observed
in other regions of the world. However, some features of NDVI and GPCC cycles
are related to inter-annual weather indices in other world areas. For instance, the
minima of both NDVI and GPCC leading EOF modes in 1986–1987 and subsequent
maxima in 1988–1989 coincide with the extremes of the North Atlantic Oscillation
index (Rodwell et al., 1999) and the Global Mean Sea Surface Temperature
Anomalies Index (Lau and Weng, 1999). The abrupt changes observed in two
leading NDVI and two leading GPCC EOF modes in 1997–1998 could be associated
with the strongest El Niño event in the 20th century (McPhaden, 1999). El Niño
event is an extreme of the global ENSO (El Niño Southern Oscillation)
meteorological cycle of 3–7 years periodicity; its center is located in tropical Pacific,
but it influences weather all over the world (Compo et al., 2001; Diaz et al., 2001;
McPhaden, 1999; Peel et al., 2002), including the regions in Central Asia such as the
Caspian Sea and Volga River basin (Arpe et al., 2000). Other studies (Lyatkher,
2000; Shermatov et al., 2004) revealed significant correlation between evaporation
over the Aral Sea and solar activity (the variations of the sunspot period) and
explained it with the influence of heat transportation by the Gulf Stream flow in the
Atlantic Ocean and changing the wind trend over the Caspian Sea. However, the
mechanism of interaction between these long-term oscillations is still unclear and
needs further analysis.
6. Summary

Two decades of variation in the index of vegetation (NDVI) derived from the
satellite observations by AVHRR radiometers were analysed in conjunction with 16
years of precipitation data in the Aral Sea region. Both variables exhibited
pronounced seasonal variation, with maximum precipitation in March and
maximum NDVI in May–June. The spatio-temporal variations were analysed by
the Empirical Orthogonal Functions (EOF) method and time-lagged correlations
between the EOF modes. The regions of synchronous seasonal and inter-annual
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variability of the vegetation index and precipitation were distinguished. At the
seasonal scale, precipitation and vegetation were correlated with time lags from 0 to
6 months with peaks in plant growth following precipitation maxima. The absence of
correlation between precipitation and NDVI in some regions around the Aral Sea
indicates the lack of water for vegetation growth and the zones of desert.
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