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Abstract: This paper presents a comprehensive analysis of links between satellite-meas-
ured vegetation vigor and climate variables in Armenian mountain grassland ecosystems
in years 1984-2018. NDVI is derived from MODIS and Landsat data, temperature and
precipitation data are from meteorological stations. Two study sites were selected, repre-
senting arid and semi-arid grassland vegetation types, respectively. Various trend estima-
tors including Mann-Kendall (MK) and derivatives were combined for vegetation change
analysis at different time scales. Results suggest that temperature and precipitation had
negative and positive impacts on vegetation growth, respectively, in both areas. NDVI-to-
precipitation correlation was significant but with an apparent time-lag effect that was fur-
ther investigated. No significant general changes were observed in vegetation along the
observed period. Further comparisons between results from corrected and uncorrected
data led us to conclude that MODIS and Landsat data with BRDF, topographic and at-
mospheric corrections applied are best suited for analyzing relationships between NDVI
and climatic factors for the 2000-2018 period in grassland at a very local scale, but in the
absence of correction tools and information, uncorrected data can still provide meaningful
results. Future refinements will include removal of anthropogenic impact, and deeper in-
vestigation of time-lag effects of climatic factors on vegetation dynamics.

Keywords: NDVI, climatic factors, mountain grassland, time-lag effects, trends, Landsat,
MODIS, BRDF, topographic and atmospheric corrections, Armenia

1. Introduction

Surface vegetation is one of the most important components of ecosystems on the
Earth, playing a key role in regulating carbon balance and climate stability [1], [2], [3].
Vegetation is highly sensitive to climate change, particularly for that in mountain regions
[4]. Mountain ecosystems are considered to be among those most severely and rapidly
impacted by climate change [3], [4], [5], [6]. Thus, over the recent decades, monitoring
vegetation dynamics and relationships with climate data have been recognized as a hot
issue of global and regional change study, especially since satellite data started becoming
increasingly available [9]-[12]. In order to comprehensively understand the impact of cli-
matic factors on vegetation dynamics it is necessary to perform location-specific case stud-
ies on correlations between vegetation and climate factors in different geographical re-
gions [6], [13]-[16].
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Remote sensing technologies as an alternative to time-consuming and labor-intensive
field experimentation offer effective approaches that have been widely used to monitor
surfaces vegetation dynamics in context of climate change [5], [15]-[18]. Remote sensing
products such as Normalized Difference Vegetation Index (NDVI) are widely used to
monitor the dynamics of vegetation in ecosystems and can be used as a proxy of vegeta-
tion response to climate change [10], [21]-[36]. In recent years, time-series NDVI datasets
have been adopted to monitor vegetation dynamics and explore the relationship between
NDVI and climate factors in different geographic regions [30], [37], [38]-[47] including
both regional [14], [48], [49] and global scales [34], [50], [51]-[54].

The literature analysis shows that most of these studies were conducted on NDVI
derived from satellite images at coarse spatial resolutions (NOAA/AVHRR, SPOT/VGT
and MODIS) [11], [12], [14], [35], [38], [41], [44], [46], [51]-[57], which are inappropriate for
resolving the local spatial variations. Satellite data at high temporal resolution are in-
formative, but the coarse spatial resolution can suppress important changes at a very local
scale. Moreover, MODIS and SPOT/VGT data only cover a limited time period (2000-
2018) and may not be able to fully capture potential climate change impacts. On the con-
trary, the spatial resolution of the Landsat sensors is significantly finer and can cover a
much longer time period (1984-2018), which facilitates detection of vegetation response
to climate changes at a local scale [23], [31], [62], [63]. Most of previous studies widely
used Landsat time series, which were focused on change detection and monitoring of veg-
etation [50], [64]-[67]. However, the use of Landsat time series to research on the relation-
ships between vegetation and climate factors is limited [68].

Analyses of previous studies demonstrated that there was a similar performance of
MODIS and Landsat data [69], [70]. Therefore, we can use the low spatial resolution
MODIS data to study relationships between NDVI and climate factors [71].

Although the individual Landsat sensors have changed through time, the spectral
characteristics from Landsat 4-8 are reasonably comparable and support the generation
of dense time-series spectral information [31], [72]. However, Landsat satellite data re-
ceived from different sensors need to be pre-processed, before drawing final conclusions
about vegetation dynamics [73].

To get more accurate results usually Landsat and MODIS data are pre-processed us-
ing a number of methods: cloud masking, atmospheric correction, topographic correction,
bidirectional reflectance distribution function (BRDF) correction [65], [74], [75]. BRDF cor-
rection with atmospheric correction is important for creating long-term time series of sat-
ellite data, and to allow comparison between measurements of NDVI from different sen-
sors and times [76], [77]-[79], including both LANDSAT TM/ETM/ OLI [74], [75] and
MODIS [80], [81].

Satellite surface reflectance values are adjusted to a nadir view and local solar ob-
servation geometry to provide nadir BRDF-adjusted surface reflectance data [82]. The
BRDF correction method is used to correct differences in the field of view angles among
satellites and the data received from different times of the same sensor, as the satellite
orbit changes over time, and it can impact on NDVI values [83], [84]. In addition to the
BRDF correction method, atmospheric and topographic corrections are also important.
Atmospheric elements such as water vapor, total ozone column, and aerosol optical depth
affect the accuracy of satellite-based NDVI data [85]. The differences in the NDVI values
occur depending on the atmospheric correction method [86]. Topographic correction of
satellite images over mountainous areas is very important [87], especially when the data
are to be used for monitoring of surface vegetation [88], [89]. To our knowledge, only a
few studies have reported the use of the BRDF, atmospheric and topographic corrected
NDVI data with high spatial resolution in studying the impact of climate change on veg-
etation cover.

Many previous studies have reported strong correlations between NDVI and main
climatic factors of precipitation and temperature [19], [90]-[93]. Furthermore, the relation-
ships between climatic factors and NDVI/vegetation are different in various geographical
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regions and types of land cover [44], [89], [94]. However, as a general pattern, precipita-
tion is the climatic parameter less correlated with the NDVIL. On the contrary, the most
correlated climatic parameter is temperature [95].

During recent years, several studies have verified that the response of vegeta-
tion/NDVI to climatic factors feature obvious lag-time effects [26], [40], [48], [96]-
[103], which indicates that vegetation growth may be primarily affected by past climate
conditions. Furthermore, lag-time duration varied among climatic zones and land-cover
types, generally the lag time of vegetation in arid areas is longer than that in humid areas
[29], [48]. The same type of vegetation has different time-lag effects by different climatic
factors, and different vegetation types respond differently to the same climatic factor [48],
[96]. In the scientific literature, most previous studies on the time-lag responses were
based on monthly or mean growing season NDVI data [6], [104], [105], which is not con-
ducive to determining the lag. Therefore, in order to understand the dynamic of mountain
ecosystems and their relationships with climatic factors, it is preferable to use 10-day time-
lag data [106]. The information of the time-lag effects of climate change on NDVI is nec-
essary to discover the mechanisms underlying climate vegetation relationships. Further-
more, it is necessary to take the time lag into consideration in grassland management
strategies [107].

During the last decades, a number of studies have been implemented on climate
change in Armenia and Caucasus. Most of these researches concerned the spatio-temporal
trends of climate factors [25], [108]-[110]. Other studies investigated the impact of climate
change on the ecosystems of Armenia [111]-[113] and Caucasus [63]. The previous study
on the territory of Armenia concerned variations of NDVI and climatic factors; their rela-
tionships and lag-time effect using SPOT/VGT data with limited times series 1998-2013
and low spatial resolution. However, the time-lag effects are still poorly understood due
to the focus on simultaneous climate conditions for the mountain ecosystem of Armenia.
The studies of relationships between climatic factors and NDVI data derived from satellite
images with high spatial resolution and with BRDEF, atmospheric, topographic corrections
in the local level in mountain regions is limited [89]. In order to understand the complex
impact of climatic factors on surface vegetation dynamics, it is necessary to perform the
study on a local scale.

Our study focuses on the grassland ecosystems, which is one of the most sensitive
land cover types in mountain regions. Research on grassland carbon stocks in arid and
semi-arid regions has attracted a great deal of attention in recent years [114], [115]. Grass-
lands are one of the most prevalent and widespread land cover vegetation types, covering
more than a quarter of the global land area [116]. In mountainous regions, rural natural
grassland ecosystems are highly sensitive to natural changes, and for that reason it is es-
sential to monitor their dynamics in the context of climate change[18], [117], [118]. Re-
mote sensing technologies are an effective tool to monitor grassland ecosystems from local
to global scales [117], [119]. Grassland ecosystem dynamics reflects the global and re-
gional scale of natural processes and local-scale anthropogenic changes [120]. However,
two grassland areas with minimal anthropogenic impact were selected [121], in order to
obtain the most realistic results for the relationships between climatic factors and natural
vegetation changes.

The goal of this research was to study the time-lag effects of the vegetation responses
to climate variables in the mountain grassland ecosystems during 1984-2018 using
MODIS-, Landsat-derived NDVI data with BRDF, topographic and atmospheric correc-
tions applied, temperature and precipitation data from meteorological stations and
Google Earth Engine (GEE) cloud platform [122]. GEE is a cloud-based geospatial analysis
platform for scientific analysis and visualization of geospatial datasets; it enables pro-
cessing of satellite imagery to detect changes, which has been widely used in similar stud-
ies in recent years [37], [71], [123].

2. Materials and Methods

2.1. Study area
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The Sisian study site (45°59'57.95"E, 39°31'57.55"N, 2000-1600 m above sea level) and
the Meghri study site (46°16'23.77"E, 38°54'44.10"N, 1000-600 m above sea level), two typ-
ical arid and semi-arid grasslands on the Syunk administrative region near to meteoro-
logical stations, were selected as the study areas (Fig. 1). Sisian and Megri study sites are
covered areas of around 200 ha, dominated by steppe grass and 400 ha, dominated by
Mediterranean xerophytic grassland [124] respectively. The Syunik administrative region
covers an area of some 4506 km2 in the southeast of Armenia and is characterized by spe-
cific natural and economic conditions. This region has a dry climate with an average an-
nual temperature of 13.8°C. The spatial distribution of annual precipitation is quite irreg-
ular, and it may be hypothesized that such irregular distribution may have a role in re-
ducing correlation with NDVI. The growing season period lasts from April to October
[125].

Sisian study area

SN
pen ol Y
REPUBLIC OF ARMENIA : & m }\
3 o
sisian g X4

o
v

Meghri study area

© 5000000000  200.000 Km
[ )

Lake Sevan Syunik region

* Meteorological stations Sisian study area

D Administrative regions D Meghri study area

Figure 1. Study area

2.2. Data sources and processing

2.2.1 Data acquisition

In this paper, satellite and climatic data were used. Both datasets cover the period
1984-2018, whose length is defined by several factors. First, statistical analysis of trends
in this context requires investigations over three decades at least [49]; second, satellite im-
ages with sufficiently high resolution must be available; and, finally, discovery of climatic
trends needs long time spans. It was considered that climate warming generally intensi-
fied after the 1980-1990 decade both globally [126] and nationally [108]-[110].

2.2.1.1 Remote sensing data

The satellite data Landsat MSS/TM/ETM+/OLI Surface Reflectance Tier 1 and MODIS
Nadir BRDF-Adjusted Reflectance, MODIS Surface Reflectance (SR) were accessed and
processed for the intended 35 years through the Google Earth Engine (GEE) platform [122]
using a JavaScript application programming interface (API). The MCD43A4 V6 Nadir Bi-
directional Reflectance Distribution Function Adjusted Reflectance (NBAR) product
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(MODIS/006/MCD43A4) provides reflectance data at 500-meter spatial resolution. Da-
tasets are produced daily based on a 16-day retrieval period from both the Terra and Aqua
spacecraft, choosing the best representative pixel from the 16-day period [122], [127]. The
MOD09A1 V6.1 (MODIS/061/MOD09A1) product provides an estimate of the surface
spectral reflectance of Terra MODIS at 500m resolution and is corrected for atmospheric
conditions. In order to cover the 1984-2018 period, four collections of LANDSAT imagery
were used: LANDSAT 5 MSS Surface Reflectance Tier 1 (LANDSAT/LM05/C01/T1_SR),
for 1989, LANDSAT 5 TM Surface Reflectance Tier 1 (LANDSAT/LT05/C01/ T1_SR), for
the period 1984-2011, LANDSAT 7 ETM + Surface Reflectance Tier 1 (LAND-
SAT/LE07/C01/T1_SR), for 1999-2018, and LANDSAT 8 OLI/TIRS (LAND-
SAT/LC08/C01/T1_SR), for 2013-2018 and MODIS for 2000-2018.

All these satellite data were downloaded for the vegetative period (from April to Oc-
tober) of each year. For the target period of 35 years, in the Sisian and Megri study cases
a total of 1035 and 663 satellite images were used, respectively.

2.2.1.2 NDVI data computation

The NDVI values based on the red and near infrared bands were obtained from the
MODIS and LANDSAT sensors for the two study areas corresponding to the vegetation
period over 35 years (1984-2018) using a JavaScript API in GEE. Subsequently, 10-day
(MODIS) and monthly (LANDSAT) NDVIimages were derived by calculating the median
NDVI value of all available scenes for the indicated time-period of each year. Median
NDVI is less affected by outlier values [64]. Median seasons NDVI images from 1984 to
2018 were computed by averaging the monthly NDVI images of each year [18]. Then
mean NDVI values from all grassland pixels within each study site were extracted for
further analysis. During the analyses we considered an important fact, that Landsat OLI
data are reported to have some differences when compared with previous Landsat sensors
[50], [128], [129]. On average, the OLI TOA reflectance is greater than the ETM+ TOA
reflectance for all bands, with greatest differences in the near-infrared. Therefore, it can
also affect NDVI values. However, as shown in previous studies, the difference becomes
smaller as NDVI increases [130]. Nevertheless, based on the transformation functions ob-
tained from the previous studies, which were developed using ordinary least squares
regression, the values of NDVI of Landsat 5/7 and 8 were normalized [129], [131].

2.2.1.3 Climate data

Daily meteorological data have been obtained from Armenia State Hydromet Service
for two weather stations in study areas (Fig. 1). In order to study the relationship between
the NDVI and climatic factors 10-day, monthly, seasonal (spring or April-May, summer
or June—-August and autumn or September—October)), humid period (April-June), dry pe-
riod (July-August) sum precipitation and average temperature were calculated for the pe-
riod from 1984 to 2018.

2.3. Method

2.3.1 Satellite data pre-processing

A series of image pre-processing steps, such as atmospheric, BRDF and topographic
corrections, cloud and shadow masking were carried out to study vegetation change anal-
ysis using Landsat satellite data [50].

2.3.1.1 Atmospheric correction and cloud masking
Within the Google Earth Engine environment, all satellite images were corrected to
surface reflectance using the LEDAPS method for Landsat MSS,TM, and ETM+ and the
LaSRC method for Landsat OLI [64], [132]. For applying the cloud, shadow, water and
snow masking to the LANDSAT MSS/TM-ETM /OLI images collection the necessary
CFMASK algorithm, as well as a per-pixel saturation mask [133] were created by adapting
the template provided by the GEE platform.
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2.3.1.2 Topographic correction
Topographic correction of remote sensing data is required for mountainous terrain,
because it accounts for variations in reflectance due to slope, aspect, and elevation [134]-
[136]. The code of topographic correction in GEE was developed by [137] based on the
modified Sun-Canopy-Sensor (SCS5+C) topographic correction method [138]. These meth-
ods were applied for all Landsat images in the GEE environment.

2.3.1.3 BRDF effects correction

The Bidirectional Reflectance Distribution Functions (BRDF) model is applied to re-
duce the directional effects due to the differences in solar and view angles between Land-
sat sensors [78], [84], [131], [134]. As shown in some studies, Landsat 5 data may result in
significant reflectance and NDVI differences due only to Landsat 5 orbit changes [140].
Moreover, Gao [141] and Roy [83] concluded that due to BRDF effects across the Landsat
swath the red and NIR reflectance can vary by up to 0.02 and 0.06. Such angular effects
can be corrected using a BRDF model. For the correction of BRDF effects from Landsat
data, we used a semi-physical approach BRDF normalization proposed by Roy [83]. Re-
garding the MODIS NBAR (Nadir BRDF Adjusted Reflectance) imagery, they are pro-
vided to GEE [142]. The implementation of BRDF correction of Landsat images in GEE
was developed by [137] based on Roy [83] algorithms.

2.3.2 Statistical analysis

Numerous methods have been adopted to estimate spatiotemporal vegetation
changes and relationships between climatic factors, such as correlation and regression
analysis, Sen and Mann Kendall models [82], [143], [144]. These methods have been vali-
dated for vegetation variation [82], [101], [143]. A Mann-Kendall test and Sen’s slope
method were used to estimate NDVI trends and the Pearson correlation method between
NDVI and temperature and precipitation were computed to identify the role of climate
factors in vegetation changes.

2.3.2.1 Trends analysis

To estimate the directional changes in NDVI time series, trend analysis were per-
formed using data from different sensors [18], [45], [145]. Trend analysis was derived us-
ing the nonparametric original Mann-Kendall [146], [147], modified Mann-Kendall trend
tests [148] and Sen's slope estimator [149], [150] all implemented based on the python
package [151]. The advantage of Mann—Kendall is its suitability for small sample sizes and
robustness against the effects of outliers [152]. However, the Mann-Kendall trend test is
based on uncorrelated data, and test results tend to be affected by the persistence of time
series [153], [154]. In order to reduce the impact of serial correlation on the Mann-Kendall
test, Modified Mann-Kendall methods: pre-whitening; free pre-whitening; Hamed_Rao
and Yue_Wang approaches [148], [152]-[155] were used. Modified Mann-Kendall meth-
ods were applied by many studies for NDVI long-time series trend analysis [45], [64].

The Kendall tau (t) obtained from Mann-Kendell statistics was also used to measure
the strength of the relationships. Mann—-Kendall tau coefficient is ranged from -1 to 1, T =
1 means a consistently increasing trend, while T = -1 means a consistently decreasing
trend, if == 0 means no trend exists. Significance of trend can be evaluated by using stand-
ardized z-score or p-value. A z-value > 1.96 represents a statistically significant increase,
while a z-value <-1.96 indicate significant decrease atthe 95% (a«=0.5) significance level,
if z-value is above or below 2.57 and -2,57 respectively, the trend in significant at 99%
level [156], [157]. In this study, to test the significance of trends, as well as significance
test was applied: strong significant (p < 0.01); significant (0.01 < p < 0.05); lower significant
(0.05 < p <0.1); insignificant level (p greater than 0.1) according to the F-test [158], [159].

In addition to the Mann-Kendall method, Sen’s slope was also used to estimate the
slope of NDVI. The Sen's slope estimation model [149] is suitable for the qualitative de-
scription of time series trends. Sen’s slope is better for identifying the magnitude of the
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trend. If Sen's slope result is positive, the time series has an increasing trend; when the
result is negative, the time series has a decreasing trend. In the last decades, it was widely
applied in the studies of vegetation dynamics [14], [157].

2.3.2.2 Correlation and time-lag effects analysis

Pearson linear correlation coefficients (r) [160] were calculated to investigate tem-
poral relationships between NDVI and precipitation and temperature across different
time bases : spring, summer, autumn, dry period, humid period, months, 10-day periods
respectively. The statistical significance of correlations was evaluated based on the t-
test (at a significance level of 0.05 and 0.01). Moreover, the Pearson correlation was ap-
plied to analyze the lag-time effects between NDVI and climatic factors [43], [48], [101],
[104], [161]. Considering that the influence of climate change on vegetation dynamics is a
cumulative process [162] the response of vegetation growth to regular climatic factors
(precipitation/temperature) in mountain ecosystems may have a time lag of 10 day,
months and seasons (2-3 months) [15], [23], [26], [43], [48], [113], [163].

Thus, Pearson correlation analysis between 10-day, monthly, seasonally NDVI and
average 10-day, monthly, seasonal temperature/precipitation during 1984-2018 growing
season for two study areas were performed. All statistical correlation analysis was done
using the R programming language.

3. Results and discussion
3.1. Relationships between NDVI and climate variables
3.1.1 Correlation and time-lag effects between MODIS NDVI data series and climatic factors

The correlations between the 10-day averaged climate data and NDVI values were
assessed using MODIS data with BRDF and topographic, atmospheric corrections as well
as MODIS Surface Reflectance data with only atmospheric correction. The latter will give
an opportunity to understand the usefulness of applied preprocessing methods for the
study of relationships. As can be seen from the tables of the two study areas (Sisian,
Megri), a clear difference emerges between the correlation matrices with and without cor-
rections. The correlation of climate data with the MODIS BRDF NDVI follows a regular
pattern, in contrast to the MODIS SR NDVI, where the correlations seem to behave more
randomly (Figure 2; Table 1, 2).

Considering the above-mentioned factors, we decided to opt for corrected rather than
uncorrected data. Thus, in case of a large number of correlations, we discuss only those
correlations between MODIS BRDF NDVI and climatic factors, which are statistically sig-
nificant at the 0.05 and 0.01 level.

In the case of the Meghri arid study area, the correlation between NDVI and temper-
ature/precipitation for the same 10-days is weak (Table 1) Instead, high correlations were
found between NDVI and previous 10-day temperatures/precipitation. For instance, Ta-
ble 2 shows that NDVI in 4th-6th and 13th-14th 10-days feature a significant negative cor-
relation with temperature values in 3th and 12th 10-day periods, respectively. In the case
of precipitation, there is a significant lag-time effect of 2nd, 3rd, 4rd, 5th, 6th,7th, 15th and
17th 10-day precipitation on NDVI values in 3th-6th, 6th-8th, 7th-8th, 8th-16th, 7th-
19th, 15th-19th, 19th-21th 10-days respectively.

For the Sisian semi-arid area, an obvious lag-time effect of climatic factors on vegeta-
tion was observed, too (Figure 3, Table 3, 4). However, in contrast to Meghri, significant
correlation was observed also for the same 10-days. For instance, NDVI in 4rd, 5th, 7th,
12th, 17th 10-days features a significant positive correlation with precipitation in the same
10-days whereas NDVI in 12th, 13th, 16th, 18th 10-days features a significant negative
correlation with temperature in the same 10-day periods. Precipitation in 6th-8th,10th,
12th-13th,17th 10-days have a significant lag-time effect on 8th-11th, 8th-11th, 9th, 12th-
13th, 13th-19th, 15th-19th, 18th-21st 10-day NDVI, respectively. Temperature also had a
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significant negative lag-time effect on NDVI, particularly in the case of 2nd, 7th, 12th-13th,
16th 10-days.

In summary, we may conclude that, in general, precipitation for the Meghri arid area
had a lag-time effect, which started from the 1st 10-days, in contrast to the Sisian semi-
arid area, where the lag-time effect is observed only from the 6th 10-days. The correlation
between NDVI and temperature for the Meghri case is weak. However, the 6th, 7th, 12th,
17th 10-days have a significant lag-time effect on vegetation for both areas.
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Figure 2. Correlation between 10-days values of temperature, precipitation and BRDF NDVI for
Meghri, with the levels of significance: *- p < 0.05, ** p < 0.01


https://doi.org/10.20944/preprints202208.0432.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 August 2022 d0i:10.20944/preprints202208.0432.v1

Table 1. The correlation between 10-days values of precipitation and SR NDVI for Meghri (levels of significance: *- p < 0.05, ** p < 0.01)

1P 2P 3P 4P 5P 6P 7P 8P 9P 10P 11P 12P 13P 14P 15P 16P 17pP 18P 19P 20P 21P |
INDVI -424 |
2NDVI -.233 -.137
3NDVI -.215 -.060 -.703"
ANDVI -.468 .498" -.462 -.034
SNDVI -.230 297 377 -.048 115
6NDVI -.068 -.044 461 7227 | .644™ | -.023
7NDVI .082 .390 .342 115 437 464 | -.157
8NDVI -.046 152 170 454 452 444 .337 .159
9NDVI .236 .318 316 .102 .304 | .585" | .305 175 | -.233
10NDVI .061 .100 .209 463 456 | 559" | .485" | .106 | -.038 | -.431
11INDVI | -.230 -.025 132 .284 441 | 543" | 487" | .355 .209 179 | -.180
12dNDVI | .062 .017 .062 122 .263 315 .091 .355 | -.266 | -.158 | -.148 | -.274
13NDVI | -.289 .552" -.083 .288 385 | -.128 | .158 | -.164 | -.251 | -.171 | -.179 | .287 .192
14NDVI | -.361 .069 -.063 436 420 464 | 529" | 293 | -.021 | -.155 | -.143 | -.008 | .119 | -.168
15NDVI | -.106 .089 -.133 -.264 154 133 | -.041 | -.050 | .261 .280 | -.033 | .309 .347 | -.209 | -517"
16NDVI | -.012 527" .380 .095 215 .292 .153 .054 | -.241 | -.380 | -.015 | -.084 | .260 .065 .332 | -.545"
17NDVI | -.125 144 -.315 .145 .080 .211 | -.038 | .025 | -.008 | -.110 | -.046 | -.318 | .272 | -.118 | .437 .000 | -.573"
18NDVI | -.349 .768™ .097 .072 .089 366 | -.246 | -.408 | .277 | -.242 | -.044 | .285 JA12 | -332 | 375 | -.077 | -.035 | -.448
19NDVI | -.215 .083 -.235 .000 -199 | .027 | .684™ | .110 .193 .206 | -.226 | -.061 | .260 .355 .050 .032 401 .394 | -.558"
20NDVI | -.094 .235 .095 -331 | -.279 | .257 124 .140 417 .392 .018 .052 | -.243 | .250 147 .320 | .590" | .380 | -.242 | -.090
21INDVI 157 .150 .254 .208 .245 222 .201 .106 147 | -029 | -.011 | .086 | -.250 | .315 | -.149 | -.197 | .237 .055 .064 .009 | -.542"
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Table 2. The correlation between 10-days values of temperature and SR NDVI for Meghri (levels of significance: *- p < 0.05, ** p < 0.01)

1T 2T 3T AT 5T 6T T 8T oT 10T 117 127 13T 147 15T 16T 17T 18T 19T 20T | 21T
INDVI .333
2NDVI .034 | .505"
3NDVI .210 .240 572"
4ANDVI -.022 | -.309 -.183 436
SNDVI 487" | -.431 | -.608™ -.428 .259
6NDVI -211 | .146 -.242 -578" | -.161 | -.035
7NDVI -.059 | -.159 -.443 -171 -151 | -.240 | .248
8NDVI -.143 | -.033 -.315 -.074 -.027 | -.154 | -.091 | .397
9NDVI .060 | -.361 -.568" -.217 -111 | -.368 | -.134 | .104 122
10NDVI | -.049 | -.260 -.381 -.323 -.098 | -.414 | -.310 | -.030 | -.266 | .709"
11INDVI .098 | -.179 -.202 -.166 .241 | -516" | -.283 | -.053 | -.160 | .110 437
12dNDVI | -.124 | .041 -.175 .044 -.081 | .284 .084 490" | 117 460 | -.056 .346
13NDVI | -.278 | -.309 -.276 .002 .073 101 | -.171 | .063 235 | -.024 | -.187 | -.656" .342
14NDVI | -.096 | .052 -.100 .013 443 | -140 | -.051 | .167 .097 .336 | -.086 -.266 .024 | .627"
15NDVI 123 | -.211 .048 179 133 | -.230 | -.302 | -.352 | -.342 | -572" | -.195 | -.676" | -.380 | -.239 | .678™
16NDVI | -.088 | -.562" | -.688" -.183 .073 | -291 | -.131 | .142 .163 403 .229 -.382 -030 | -.082 | -.232 | .552"
17NDVI | -129 | .120 .146 .057 .092 415 .078 520" | .137 430 | -.140 .164 .213 .382 | -.210 | .255 | .615™
18NDVI .108 | -.284 -.440 -.105 -.025 | -.085 | .349 588" | .182 | -.041 | -.196 -537" | -.040 | .267 | -.021 | .337 | -.259 | .516"
19NDVI 216 | -.395 -.142 -.153 .303 .070 | -.430 | -.258 | -.351 | -.147 | -.045 -.213 -281 | -.216 | -.244 | -.416 | -.303 | -.601" | .318
20NDVI 274 | -.412 -.342 .047 113 | -.323 | .054 .069 .098 | -.377 | -.007 -124 -439 | -.306 | -.304 | -.277 | -.458 | -.119 | .359 | .239
2INDVI | -.358 | -.427 -.468 .205 -239 | -519" | -.358 | -.029 | -.346 | -.102 | .178 -.381 -178 | -.401 | -.335 | -.196 | -.125 | .203 | -.019 | .508" | .518"
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Figure 3. Correlation between 10-days values of temperature, precipitation and BRDF NDVTI for
Sisian, with the levels of significance: *- p < 0.05, ** p < 0.01
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Table 3. The correlation between 10-days values of precipitation and SR NDVI for Sisian (levels of significance: *- p < 0.05, ** p < 0.01)

1P 2P 3P 4p 5P 6P 7P 8P 9P 10P 11P 12P 13P 14P 15P 16P 17pP 18P 19P 20P 21P
INDVI -577"
2NDVI -.250 | -.587"
3NDVI -212 | -.211 | -.466
ANDVI -521" 158 | -.552" | -.270
S5NDVI -461 | -.124 377 | -261 | -.319
6NDVI .383 | -.491" | -.030 | .629" .284 | -.265
7NDVI -.553" .036 .108 .041 | -.018 .093 | -.202
8NDVI 152 .055 | -.181 .383 435 .245 .065 | -477
ONDVI -472 409 .220 | -493 | -.183 .325 116 .085 | -.084
10NDVI .238 A71 | -137 .264 465 465 | 497 .044 119 .143
11INDVI -.163 | -.059 177 | -.015 147 .219 .106 .299 437 | 529" | -.116
12dNDVI .297 133 | -.198 .299 311 115 152 | -.352 392 | -.016 | .548" | -.064
13NDVI -.202 109 | -.382 | -.042 270 | .504" .140 367 | .499" 341 221 .046 | -.042
14NDVI -.298 .043 | -173 .266 312 144 | -.062 231 | .736™ | .701™ | 501" 240 | -.169 | -.313
15NDVI -.133 325 | -352 | -.418 | -.187 480 | -.084 AT74 420 | .647" | -.182 .055 120 | -.101 | -.415
16NDVI 270 | 529" 359 | -.288 | -291| -.014 280 | -.259 | -173 | -.104 | -.062 .062 .054 415 | 516" | -.545"
17NDVI .398 .255 | -.387 .232 340 | -.201 .257 .068 111 117 .089 180 | -.424 | 534 .060 419 | -407
18NDVI .093 .205 .156 167 .390 .057 | -331 | -172 .388 .201 A77 | -122 | -221 118 243 | -.048 | -.312 | -.543"
19NDVI -.115 322 | -.139 | -.385 | -526" | -.087 .396 414 .128 176 | -.063 | .642" 375 .209 | -398 | -.212 412 .055 | -.444
20NDVI .015 .288 .189 .030 | -.011 157 .069 .083 | .545 467 178 | 528" | .492" | -.001 | -.087 | -.366 .308 .090 | -.314 | -.592"
21INDVI -.020 .349 111 .105 .397 .328 .042 | -.152 402 .308 | -.186 .213 .328 314 .089 .099 .267 158 | -.056 | -.243 | -.330
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Table 4. The correlation between 10-days values of temperature and SR NDVI for Sisian (levels of significance: *- p < 0.05, ** p < 0.01)

1T 2T 3T 4T 5T 6T T 8T 9T 10T 11T 127 13T 14T 15T 16T 17T 18T 19T | 20T | 21T
INDVI 627"
2NDVI 172 .508"
3NDVI 277 444 .690™
ANDVI .145 -.123 .097 .345
SNDVI 705" .001 -.350 -.227 478
6NDVI -.496" 432 .361 -.227 .000 .213
7NDVI 575" .240 -.095 -.021 412 | -229 | .706™
8NDVI -.015 .223 .039 .009 | -.086 .083 212 461
9NDVI .216 -.438 -.595" .285 155 | -.393 .264 | -.154 | .295
10NDVI -148 | -.211 -.187 -297 | -.264 | -394 | -450 | -.074 - .245
637"
11INDVI -.068 | -.177 -.030 -010 | -.113 - -328 | -.361 | -.181 | -.308 414
.607"
12dNDVI | -.078 .183 118 123 | -.248 .357 127 427 | -.094 | -.017 -.266 .187
13NDVI -.058 | -.158 -114 .049 336 | -.075 | -.337 | -.083 | -.420 | -.193 -192 | -.646" | -.313
14NDVI .167 .250 .213 112 113 | -.072 141 251 | -.124 | -.289 -.128 | -.2083 -.113 170
15NDVI .094 -.197 .035 123 .000 | -.088 | -.294 | -.464 | -.423 | -.684™ | -.198 | -.487" | -.622" -.500" 532"
16NDVI .052 | -515" | -.802" | -.307 .046 .168 | -.038 429 | -.113 .069 .004 -.428 -.097 -.299 -.462 .364
17NDVI -.216 212 .229 .031 | -.248 462 | -.149 293 | -.233 .085 -.247 .092 .280 .064 -077 | -161 | .710"
18NDVI -.071 .055 -.256 .001 | -.155 120 315 .458 .080 -.099 -327 | -.293 118 .250 -.049 .244 .064 | 576"
19NDVI .058 -.245 -.157 .097 224 298 | -.229 | -.070 | -.247 | -317 -122 | -.041 -114 -.568" -.042 | -405 | -.051 | -.593" | -.149
20NDVI -103 | -.270 -.257 -.046 | -.227 | -.140 | -.193 .096 | -.411 | -.459 .089 -.246 -524" -.638" | -216 | -.373 | -.218 | -.052 .036 | .333
21INDVI -452 | -372 -.349 272 | -.218 | -.270 | -.332 .204 | -.286 | -.145 -.083 | -.565 -.200 -.301 -352 | -.253 | -.115 | .002 -102 | .096 | .110
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3.1.2 Correlation and Time-Lag effects between Landsat NDVI data series and climatic factors

To study relationships between climate factors and NDVI values, long time series
(1984-2018) of Landsat data were considered. As the frequency of data acquisition for the
Landsat sensor is lower (2-8 images per month), in this case the average monthly NDVI
values were calculated. The response of NDVI to climate factors may differ according to
vegetation type and growth phase [164] with obvious lag-time effect [15], [26], [104]. In
some regions, NDVI variation is due to variation in precipitation [29], [102], [165]-[167] in
other regions, temperature is a major influencing factor in the variation of NDVI [34], [46],
[92], [93]. However, for the main cases of NDVI changes are dependent on both tempera-
ture and precipitation climatic factors [34], [59], [93], [168]. Therefore, to recognize sea-
sonal differences and lag effects of climatic factors on NDVI within the growing season,
we performed correlation analyses between seasonal mean NDVI and precipitation, tem-
perature. The correlations were assessed using Landsat data with BRDF and topographic,
atmospheric corrections as well as Landsat Surface Reflectance data with only atmos-
pheric correction. As a result, for the two study areas (Sisian, Megri), there is a clear sim-
ilarity between those two correlation matrices. Only a slight difference between the Megri
area NDVI and temperature correlation matrices is observed. Therefore, it seems that both
the Landsat BRDF-Adjusted Reflectance and Landsat Surface Reflectance data can be used
to study the regularities of lag-time effect of monthly and seasonal precipitation/temper-
ature on NDVL

Figure 4, Table 5, 6 show that for the Meghri study area, summer and autumn NDVI
feature significant positive correlation with spring and summer precipitation, respec-
tively. Dry period NDVI significantly correlates with humid period precipitation and dry
period temperature. For the Meghri arid area, a strong lag-time effect of climatic factors
on vegetation was observed. In particular, NDVI of June-September, September, October
significantly positively correlates with precipitation in May-June, August, September. For
the Sisian semi-arid study area (Figure 5, Table 7, 8), summer and autumn NDVI corre-
lated positively with summer precipitation and negatively with summer temperature. Dry
period NDVI significantly correlated with both humid and dry period precipitation and
temperature. As in the case of Megri, in the Sisian study NDVI of June-September signif-
icantly correlated with precipitation in May-June. However, correlation between NDVI
and temperature is higher than in Meghri. There exists a significant lag-time effect of
April-August temperature on June, July, August, September NDVI. The impact of the cur-
rent month temperature on the NDVI was obvious in the case of April, August and Sep-
tember. In general, for arid and semi-arid study areas, NDVI correlated positively with
precipitation and negatively with temperature. Meanwhile, the correlation between NDVI
and precipitation was significant and showed strong lag effects.
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Figure 4. Correlation between averaged monthly and periodic values of temperature, precipitation
and BRDF NDVI for Meghri, with the levels of significance: *- p < 0.05, ** p < 0.01
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Table 5. Correlation between averaged monthly and periodic values of precipitation and SR NDVI for Meghri, with the levels of significance: *- p < 0.05, ** p

<0.01
September ) Humed Dry period
April P May P Jun P July P August P October P Spring P Summer P Autum P )
P period P P
April NDVI .072
May NDVI 564" .354
Jun NDVI .399" 667" 455"
July NDVI .366" .682™ 443" -.151
August NDVI .306 .526™ 501" -.021 .164
September
.186 532" 488" .034 .589™ -.082
NDVI
October NDVI .078 .033 .369 -.018 .234 .550™ -.072
Spring NDVI 429"
Summer NDVI .668" .305
Autumn NDVI .333 .581" .086
Humid period
491"
NDVI
Dry period
VP 746" -.013
NDVI
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Table 6. Correlation between averaged monthly and periodic values of temperature and SR NDVI for Meghri, with the levels of significance: *- p < 0.05, ** p

<0.01
] Septem- ) Humid Dry period
April T May T JunT July T August T October T Spring T | Summer T | Autumn T
ber T period T T
April NDVI -.069
May NDVI -.432" -.189
Jun NDVI -.344 -.305 -.300
July NDVI -.375 -.314 -.475™ -.368"
August NDVI -.416" -.246 -.352 -.375" -.178
September
-.353 -.336 -.208 -.244 -.399" -.221
NDVI
October NDVI -.384" 112 -.156 .010 -.143 .044 .209
Spring NDVI -.003
summer NDVI 437" -.403"
Autumn NDVI -.373" -.301 116
Humid period
-.062
NDVI
Dry period
-.496" -.438"
NDVI
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Figure 5. Correlation between averaged monthly and periodic values of temperature,

precipitation and BRDF NDVI for Sisian, with the levels of significance: *- p <0.05, ** p <0.01
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Table 7. Correlation between averaged monthly and periodic values of precipitation and SR NDVI for Sisian, with the levels of significance: *- p <0.05, ** p <

0.01
) Humid Dry period
April P May P Jun P July P August P September P | October P Spring P Summer P Autumn P )
period P P
April NDVI -.188
May NDVI .076 124
Jun NDVI 178 534" 557
July NDVI .145 .396" .643" .287
August NDVI .193 222 519" .342" .367"
September NDVI .183 .242 491" .258 414 .256
October NDVI .029 -.020 .092 .081 .339 .768" .003
Spring NDVI .189
Summer NDVI 513" .663"
Autumn NDVI 178 451" .548™
Humid period
407"
NDVI
Dry period NDVI 676" .360"
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Table 8. Correlation between averaged monthly and periodic values of temperature and SR NDVI for Meghri, with the levels of significance: *- p < 0.05, ** p

<0.01
] September ) Humid Dry period
April T May T JunT July T August T October T Spring T Summer T | AutumnT )
T period T T

April NDVI 512"

May NDVI 124 .103

Jun NDVI -.269 .098 -.273

July NDVI -.320 -.357" -.467" -.301
August NDVI -.415" -.096 -.276 -414" -.606™

September

-.515" -.275 -.431" -.364" -515™ -.565™
NDVI
October NDVI -.224 -.064 -.310 -.289 -.013 -.249 .240
Spring NDVI 217
Summer NDVI -.338" -511"
Autumn NDVI -.388" -.440" -.060
Humid period
.072
NDVI
Dry period NDVI -.492" -.598"
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3.1.3 Comparison of Landsat- and MODIS-based products

Landsat and MODIS satellite images are used in various studies to analyze the rela-
tionship between vegetation of grasslands and climatic factors, as well as the time-lag ef-
fect. Therefore, it is necessary to compare the results obtained through those two sensors.
For this purpose, the average monthly, seasonal Landsat/MODIS NDVI data (with BRDF
and topographic, atmospheric correction) were calculated for the 2000-2018 period (Figure
6-9). The period 2000-2018 and monthly data were selected to provide comparability of
MODIS and Landsat data.

As seen from the results, correlation matrices are similar in the two study areas. How-
ever, there are also some nuances; for instance, in the case of Meghri, strong correlation
between Landsat NDVI (July, August) and June precipitation was observed, but MODIS
NDVI significantly correlated with June precipitation only in July. For the Meghri arid
area, correlation between both MODIS, Landsat NDVI and temperature is weak. For semi-
arid grassland, the correlation matrices in case of precipitation are identical. A significant
difference is observed only in the case of spring and summer temperature.

Summarizing the above-mentioned results, we can conclude that during study of re-
lationships between NDVI and climatic factors for the 2000-2018 period in small grassland
areas, both MODIS and Landsat BRDF-Adjusted satellite products are suitable.
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Figure 6. Correlation between temperature, precipitation and the average monthly, seasonal MODIS
NDVI data (with BRDF and topographic, atmospheric correction) for Meghri for the 2000-2018 period.
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Figure 7. Correlation between temperature, precipitation and the average monthly, seasonal Landsat

NDVI data (with BRDF and topographic, atmospheric correction) for Meghri for the 2000-2018 period.
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NDVI data (with BRDF and topographic, atmospheric correction) for Sisian for the 2000-2018 period.
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Figure 9. Correlation between temperature, precipitation and the average monthly, seasonal Landsat

NDVI data (with BRDF and topographic, atmospheric correction) for Sisian for the 2000-2018 period.
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3.2 Spatiotemporal analyses of trend using Landsat NDVI time series

To analyze long-time spatiotemporal changes of vegetation of mountain grassland
Landsat NDVI were used, which provide a long-time data series (1984-2018). Mann-Ken-
dall (MK) and four modified Mann-Kendall methods (MMK) were applied to examine the
trends. Previous studies showed better performance of the MMK method with the
monthly data [169]. The results of the MK and MKK tests applied to the NDVI data series
at a confidence interval of 90% are shown in Table 9. In an experiment reported in the
scientific literature, the trend is considered significant only if at least three of the five tests
suggest a significant trend [170]. In the same time, Sen’s slope method was applied to
discover trends in time series. The results were divided into a stable or no-trend region
(—0.0005 < and <0.0005), an increasing region (> 0.0005), and a decreasing region (<0.0005)
[157].

Statistical results are shown in Table 9. Trend analysis indicated both significant in-
creasing and no significant changes in monthly NDVL In general, the results of test indi-
cated a strong significant increasing trend in April, May NDVI at a confidence interval of
99% at the Meghri arid area (0.003, 0.002 year-1; respectively) and a no-trend or insignifi-
cant increasing/decreasing in all time periods NDVI at the Sisian semi-arid area. The
MMK Yue-Wang test result at the Sisian area indicated a decreasing NDVI trend in Sep-
tember at a confidence interval of 95% (-0.0005 year-1), while the other Mann—Kendall
tests did not indicate any significant trend. Also, a significant increase of mean spring,
humid period NDVI during 1984-2018 was observed for Meghri arid area (Sen’s slope =
0.002, and = 0.001; respectively). Trend analysis of monthly precipitation indicated no
trend or insignificant changes at the both Sisian and Meghri study area. In contrast, the
significant increase of temperature during 1984-2018 was detected. It is interesting to note
that the Modified Mann-Kendall methods suggested by Yue and Wang [152] showed a
significant trend in most of the cases as compared with other methods. The same situation
was observed also in other investigations [170].

During the growing season the correlation between NDVI, and temperature and pre-
cipitation was negative and positive, respectively, indicating the positive effects of pre-
cipitation on vegetation growth, and negative effect of temperature, despite some shifts
that were mainly insignificant. However, as shown in Figs. 2, 4, 6, 8 correlation between
temperature and NDVI is lower than correlation between precipitation and NDVI, partic-
ularly at the Meghri arid study area, which was justified by some studies [102], [63], [168],
[171]. It suggests that increasing temperature would not promote a decrease in vegetation.
Considering the fact that precipitation has no trend, it can be justified that the NDVI of
the two study areas was not changed in all months during 1984-2018, except for the spring
months in Meghri arid area, where a significant increasing trend was recorded. The latter
cannot be explained precisely by the available data; therefore, it is necessary to carry out
additional analyses that include climatic factors of the previous months (February-
March). Nevertheless, NDVIincreased during spring and was stable during autumn, sug-
gesting that the growing season may be starting earlier [14]. However, in general, no sig-
nificant change in grassland vegetation has been recorded in the study area in the last
three decades. In contrast, long-term positive changes in grassland vegetation (32.7% of
grasslands) for the same period were found in the Caucasus region [63].
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Table 9. Trend analysis based on Landsat NDVI time series

S::e‘iy Time series MK MMKH MMKY PW TF PW 512: Trend
P Z Tau P Z Tau P Z Tau P Z Tau P Z Tau
April 0.04729 1.98374 0.28 [0.00017 3.75712 0.28 |0.000003 [4.64521 | 0.28 |0.07984 1.75162 0.25333|0.07212 1.79833  0.26 |0.00372 | Significant increasing
May 0.01525 2.42638 0.31494 | 0.00153 2.42638 0.31494 0 8.44223 | 0.314943 |0.07475 1.78201 0.23645|0.03733 2.08214 0.27586 | 0.00217 | Significant increasing
June 0.39559 0.84953 0.11640 |0.23281 1.19314 0.11640 | 0.01227 |2.50437 | 0.116402 |0.80246 0.25016 0.03704 |0.64650 0.45863 0.06553 |0.00059 No trend
July 0.59822 0.52697 0.06882 | 0.63648 0.47262 0.06882 | 0.13588 |1.49131 | 0.068817 |0.61739 0.49955 0.06667 |0.54412 0.60659 0.08046 | 0.0004 No trend
August 0.23415 1.18975 0.15269 |0.10030 1.64338 0.15269 | 0.00125 |3.22684 | 0.152688 | 0.47545 0.71364 0.09425 |0.30077 1.03478 0.13563 | 0.00044 No trend
Meghri September  |0.29184 1.05408 0.13548 |0.29185 1.05408 0.13548 | 0.00873 |2.62261 | 0.135484 |0.47545 0.71364 0.09425 | 0.47545 0.71364 0.09425 |0.00033 No trend
October 0.08958 1.69761 0.24 |0.08958 1.69761 0.24 | 0.00007 [3.98471| 0.24 |0.18311 0.33123 0.19333 |0.12899 1.51807 0.22 |0.00086 No trend
Spring 0.01434 2.44868 0.30645 |0.01434 2.44868 0.30645 |0.0000003 |5.07979 | 0.306452 |0.01439 2.44748 0.31183|0.00531 2.78741 0.35484 | 0.00243 | Significant increasing
Summer 0.34458 0.94516 0.11742 |0.17224 1.36503 0.11742| 0.01651 |2.39753 | 0.117424 |0.88396 0.14595 0.02016 |0.75799 0.30811 0.04032 |0.00038 No trend
Autumn 0.14003 1.47570 0.18548 | 0.14003 1.47570 0.18548 | 0.00101 |3.28665 | 0.185484 |0.39542 0.84982 0.10968 | 0.24778 2.52559 0.14839 |0.00048 No trend
Humid period |0.04378 2.01612 0.24421 |0.04379 2.01612 0.24421 | 0.00002 |4.20378 | 0.244207 |0.02466 2.24669 0.27651 |0.01155 1.05407 0.31061 |0.00136 | Significant increasing
Dry period  |0.49534 0.68184 0.08523|0.32516 0.98391 0.08523 | 0.08433 | 1.7261 | 0.085227 |0.42684 0.79461 0.10081|0.29185 0.62035 0.13306 |0.00040 No trend
April 0.45961 0.73949 0.11463 | 0.45961 0.73949 0.11463 | 0.00874 | 2.622 | 0.114625 | 0.49856 0.67675 0.10822|0.53502 0.62035 0.09957|0.00259 No trend
May 0.11012 1.59766 0.20430|0.02123 2.30384 0.20430| 0.00008 |[3.94127 | 0.204301 |0.16404 1.3916 0.18161|0.16404 1.3916 0.18161 |0.00162 No trend
June 0.26193 1.12176 0.14409 | 0.28225 1.07528 0.14409 | 0.00387 |2.88878 | 0.144086 | 0.19895 1.28455 (.16782|0.09353 1.67706 0.21839 |0.00175 No trend
July 0.91363 -0.10850 -0.01515| 0.91363 -0.10846 -0.01515| 0.84126 |-0.20028| -0.01515 | 0.98706 -0.01622 -0.00403|0.98706 -0.01622 -0.00403(-0.00014 No trend
August 0.45856 -0.74122 -0.09091/| 0.45856 -0.74122 -0.09091| 0.1628 |-1.39556| -0.09091 |0.63099 -0.48033 -0.06061 | 0.54566 -0.60428 -0.07576|-0.00007 No trend
. September 0.39008 -0.85947 -0.10887| 0.39008 -0.85947 -0.10887| 0.03963 |-2.05756| -0.10887 |0.61013 -0.50989 -0.06667| 0.65856 -0.44191 -0.05806(-0.00058 No trend
Sisian October 0.56090 0.5815 0.07882 |0.12553 1.53196 0.07882| 0.01061 |2.55543 | 0078818 |0.51442 0.65196 0.08995 | 0.62137 0.49391 0.06898 | 0.00067 No trend
Spring 0.22390 1.21623 0.15323|0.22390 1.21623 0.15323| 0.00009 [3.91593 | 0.153226 | 0.29198 1.05377 0.13548 | 0.41460 0.81583 0.10538 |0.00145 No trend
Summer 0.74432 0.32614 0.04099 | 0.74432 0.32614 0.04099 | 0.48019 |0.70599 | 0.040998 |0.88909 0.13945 0.01895 | 0.86466 0.17044 0.02273|0.00029 No trend
Autumn 0.93825 -0.07747 -0.01136| 0.88545 -0.14411 -0.01136| 0.80212 |-0.2506 | -0.01136 |0.78279 0.27568 0.03629 |0.75799 0.30811 0.04032 | -0.0001 No trend
Humid period |0.14103 1.47197 0.181820.14103 1.47197 0.18182 | 0.00003 |4.18204 | 0.181818 | 0.21179 1.24866 0.15726 |0.22390 1.21623 0.15323 | 0.00161 No trend
Dry period | 0.78959 -0.26684 -0.03387|0.78959 -0.26684 -0.03387| 0.57053 |-0.56727| -0.03387 |0.67569 0.41835 0.05303 | 0.72156 0.35637 0.04545 |-0.00024 No trend
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4. Conclusions

This research analyzed temporal trends of MODIS, LANDSAT NDVI, climatic fac-
tors; studied the correlations and lag-time effects between grassland vegetation and cli-
matic factors during the growing seasons (April-October) of the period 1984-2018 in
Syunik region. For this purpose, 10-day, monthly, seasonal NDVI and precipitation, tem-
perature data for two different study areas were used.

The results show that the correlation matrix of climate data with the MODIS BRDF
NDVI follows a regular pattern, in contrast to the MODIS SR NDVI, where the correlations
seem to behave more randomly. The results also confirm that for the Sisian and Megri
study areas, there is a clear similarity between two correlation matrices: climatic data with
Landsat BRDF; TC; AC NDVI, and climatic data with Landsat SR NDVI. It seems that both
the Landsat BRDF:TC; AC and Landsat SR data can be used to study the regularities of
lag-time effect of monthly and seasonal precipitation/temperature on NDVI.

The correlation between NDVI and climatic factors show that temperature had a neg-
ative impact and precipitation had positive impacts on vegetation growth in both arid
and semi-arid areas. Meanwhile, the correlation between NDVI and precipitation was sig-
nificant and has an apparent time-lag effect, yet a suitable time frame has to be selected
for the phenomenon to become visible. In mountain arid and semi-arid grasslands, 10-day
data are more suitable to understand the impact and lag-time effect of climatic factors on
vegetation growth. For instance, the precipitation for the Meghri arid area had a lag-time
effect, which is started from the 1st 10-days, in contrast to the Sisian semi-arid area, where
the lag-time effect is observed only from the 6th 10-days. The correlation between NDVI
and temperature for the Meghri case is weak. However, the 6th, 7th, 12th, 17th 10-days
have a significant lag-time effect on vegetation for both areas.

Finally, we can conclude that for studying relationships between NDVI and climatic
factors for the 2000-2018 period in grassland at a very local scale, both MODIS and Landsat
BRDEF-Adjusted satellite products are suitable.

In general, the analysis of changes of vegetation data for 45 years (1984-2018) of
mountain grasslands showed no significant change of NDVI. However, other, more spe-
cific patterns have also been observed in the data. For example, a strong significant in-
creasing trend in April, May NDVI at a confidence interval of 99% at the Meghri arid area
(0.003, 0.002 year-1; respectively) and an insignificant increasing/decreasing in all time
periods NDVI at the Sisian semi-arid area. The MMK Yue-Wang test result at the Sisian
area indicated a decreasing NDVI trend in September at a confidence interval of 95%
(=0.0005 year-1), while the other Mann-Kendall tests did not indicate any significant
trend.

There are however other factors to consider, which will be incorporated in the future
phases of our research. Last but not least, the effect of human activity on grasslands was
not considered, although it surely has an impact on the evaluated variables. To refine the
study, we will have to determine how to effectively remove anthropogenic impact, in or-
der to establish a “cleaner” quantitative correlation between climatic factors and vegeta-
tion.

These results can assist to better understand the relations between NDVI and climatic
factors, and may give guidance for the sustainable management of the mountain's grass-
lands by decision makers.

5. Patents
Not applicable.

Supplementary Materials: none.
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