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Abstract: Snowmelt provides a reliable water resource for meeting domestic, agricultural, industrial
and hydropower demands. Consequently, estimating the available snow water equivalent is essential
for water resource management of snowy regions. Due to the spatiotemporal variability of the
snowfall pattern in mountainous areas and difficult access to high altitudes areas, snow measurement
is one of the most challenging hydro-meteorological data collection efforts. Development of an
optimum snow measurement network is a complex task that requires integration of meteorological,
hydrological, physiographical and economic studies. In this study, site selection of snow measurement
stations is carried out through an integrated process using observed snow course data and
analysis of historical snow cover images from National Oceanic Atmospheric Administration
Advanced Very High Resolution Radiometer (NOAA-AVHRR) at both regional and local scales.
Several important meteorological and hydrological factors, such as monthly and annual rainfall
distribution, spatial distribution of average frequency of snow observation (FSO) for two periods
of snow falling and melting season, as well as priority contribution of sub-basins to annual
snowmelt runoff are considered for selecting optimum station network. The FSO maps representing
accumulation of snowfall during falling months and snowpack persistence during melting months
are prepared in the GIS based on NOAA-AVHRR historical snow cover images. Basins are partitioned
into 250 m elevation intervals such that within each interval, establishment of new stations or
relocation/removing of the existing stations were proposed. The decision is made on the basis of the
combination of meteorological, hydrological and satellite information. Economic aspects and road
access constraints are also considered in determining the station type. Eventually, for the study area
encompassing a number of large basins in southwest of Iran, several new stations and relocation of
some existing stations are proposed.

Keywords: snow measurement network; site selection; satellite images; Iran

1. Introduction

Water demand increase in urban, agriculture and industry sectors all over the world continues to
intensify the pressure on water resources. In the southwestern of Iran, the Karkheh, Dez, Karun and
Marun river basins provide over a quarter of surface water resources in the country and even supply
water for the central arid part of Iran via transboundary water transfers [1].

Nowadays, hydrological and water resources modeling play a key role in water resources
management [2]. On the other hand, development and calibration of hydrologic and water resources
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models rely on adequate and accurate hydro-climatic observation data [3]. Reliable data may
be acquired through appropriate design, installation and operation of an optimum network of
hydro-climatic stations. Designing a proper measurement network results in the representative
location and optimum number of stations so that interpolation techniques can lead to acceptable
estimation of spatially distributed factors with adequate accuracy [4,5].

Among the hydro-climatic variables, snow is one of the most important factors in the hydrology
of mountainous areas. Snow, as a renewable water resource, remains on the ground for weeks or
months. Since the lag time of river flow from snowmelt is more than that of rainfall, management
of this reliable resource is relatively easier. The amount of snowfall and snowmelt depends on both
geographic (elevation, slope and aspect, latitude, etc.) and synoptic factors. Storing and melting snow
is a continuous process especially in southwest of Iran with low latitude and relatively ephemeral snow.
Therefore estimating accumulated snowpack and its spatiotemporal pattern is complex. Furthermore,
due to limited access to high altitudes of mountainous areas, snow measurement is considered as one
of the most difficult data collections in water resources. The position of snow gauges and the type of
snow measurement instruments should be selected in a way to represent the spatial and temporal
variations of snow characteristics. Selecting representative locations for automated snow-pillow (ASP)
stations or manual snow-course (MSC) stations will ensure access to the reliable data required for
snow storage estimation.

Nowadays, satellite images and remote sensing (RS) techniques are widely used for the estimation
of snow cover areas. Derived snow cover areas from satellite images accompanied with field
observations can provide a unique tool for estimation of snow storage, river flow forecasting and flood
control required in water resource management.

ASP measurement networks have been developed in many countries. The snow measurement
network in western U.S. states or SNOTEL [6], provincial or local networks in Canada, such as ASP
measurement network in British Columbia [7], and the ASP measurement network in Pakistan [8] are
good examples of available operating networks.

Nonetheless, there are insufficient studies on site selection of snow measurement networks
at regional scale and a few existing studies are limited to local scale, focusing mainly on a single
station [6]. According to the World Meteorological Organization [9], the number of snow measurement
stations or snow courses and their positions depend on topography, the type and aspect of vegetation,
the objectives of data collection, and economic considerations. WMO recommended one snow
measurement station for about 2000 to 3000 km2 in low homogeneous region and one for about 5000
km2 for more homogeneous and plain regions [9]. For developing a snow measurement network, it is
recommended to establish a temporary and dense network that measures the snow parameters for four
to six years continuously in order to detect snow cover characteristics, related to the physiographical
parameters. Then, according to the required accuracy, operation constraints and cost minimization,
the network density may be reduced [4].

In this study, areas will be prioritized according to the need for snow measurement stations using
field observations that are supported by satellite snow cover images. Furthermore, through assessment
of the existing snow measurement network in each of the altitudinal range, installation of new stations,
removal/maintaining/relocation of the existing stations MSC stations, or upgrade to ASP stations is
proposed. The paper is organized as follows. Case study, data acquisition, and methodology, including
the meteorological, hydrological, and remote sensing criteria used are described in Section 2. Results
are presented in Section 3. Section 4 provides conclusions and recommendations.

2. Data and Methods

2.1. Study Area

The Zagros Mountains are one of the major snowy regions of Iran, which include the four large
river basins of Karkheh, Dez, Karun and Marun. The study area encompasses the Karkheh basin,
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upstream of Karkheh Dam, with approximately 43,000 km2 in area and 5.2 km3 mean annual runoff;
Dez Basin, upstream of Dez Dam with 17,300 km2 in area and 8.4 km3 mean annual runoff; Karun
basin, upstream of Gotvand Dam with 32,000 km2 in area and 12.5 km3 mean annual runoff; and
two tributaries of the Marun basin, first upstream of Shohadaye Behbahan Dam and second upstream
of Jarreh Dam with 6800 km2 in area and 2.3 km3 mean annual runoff, in total. The area lies between
the geographical latitude of 30◦15′ N to 34◦55′ N and 46◦05′ E to 52◦03′ E longitude. The mentioned
river basins play a major role in food production and economy of more than 4 million people [10,11].
Figure 1 shows the location of these major river basins.
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Figure 1. Location of the study basins and distribution of the meteorological and hydrometric stations.

2.2. Data Collection

The data used for this study comprise the monthly air temperature from 44 climatological
stations (including the stations installed by Iran Ministry of Energy, IRME and Iran Meteorological
Organization, IRMO), daily and monthly precipitation of 152 rain-gauge stations, daily temperature
and 3-h precipitation depth and 6-h precipitation type (rainfall or snow) measured at 20 synoptic
stations, snow water equivalent and snow depth at 45 available MSC stations accompanied by daily
discharge at 40 hydrometric stations with long term data (Figure 1). For monthly temperature and
rainfall, a 25-year data period is identified as a normal climate period (1974–1999). Missing data are
reconstructed using linear correlation with the nearest neighboring station. The snow water equivalent
may also be estimated through analysis of the amount and type of precipitation in the form of rainfall or
snowfall, at synoptic stations (detail information is available in Saghafian and Davtalab, [12]). The only
snow measurements available from MSC stations that are located in the Karun and Dez Basins. Data
sampling in the mentioned stations is performed manually once a year. However, the sampling time
varies between late February and late March. Therefore, the sampling period lasts about one month in
any given year. Accordingly, the above-mentioned data are used for spatial analysis.

Quantity and quality of daily discharge data are assessed as well and the annual discharge series
are obtained. The snow cover maps extracted from the National Oceanic Atmospheric Administration
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Advanced Very High Resolution Radiometer (NOAA-AVHRR) series for the period of 1984 to 2003 have
been used in this study. The maps are provided by Jamab [13] based on the methodology available in
Porhemmat et al. [14]. The spatial resolution of the NOAA-AVHRR image is about 1.1 km, suitable for
snow cover extraction over vast areas. There are two images for every 24 h, one of which corresponds
to daytime. However, not all daytime images were suitable because of atmosphere noise and/or cloud
cover. In all, 480 snow cover maps were available in Jamab’s archive [13]. The snow cover maps are
stored in binary format in GIS (1 denotes snow and 0 denotes non-snow pixel). The hypsometric maps,
boundary of basins and sub-basins, digital elevation model (DEM), slope and aspect maps are derived
from 1:250,000 topographic maps (Iran National Cartographic Center: http://www.ncc.org.ir) with
100 m contour interval. For instance, the contour map for Dez Basin is shown in Figure 2.
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Figure 2. Elevation contour map of Dez Basin.

2.3. Methodology

The snow station site selection methodology is based on integration of meteorological,
hydrological, and remote sensing studies. Meteorological analysis includes preparation of isothermal
and isohyetal maps, determination of snowfall threshold temperature and precipitation estimation
variance analysis [15]. Prioritization of the sub-basins has been done based on the contribution of
snowmelt to the total annual runoff in each sub-basin. Analysis of remote sensing data includes the
extraction of the FSO layers for two periods of snowfall accumulation and snowpack persistence.
The details are given in the following sections of the paper.

2.3.1. Meteorological Criteria

Temperature is the most dominant meteorological factor in determination of precipitation type
(snow and rain) and determines regions subject to snowmelt, snowfall, or both. Therefore, temperature
and its spatial variation is a key factor in determining the proper location of snow measurement
stations. In this study, the snowfall threshold temperature refers to the temperature under which the
precipitation is assumed to be in the form of snow. Threshold temperature may vary from below 0 ◦C
to 5 ◦C and may not be constant even in a single day [16]. Therefore, in many studies an average value

http://www.ncc.org.ir
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is used as threshold temperature [2,17,18]. Daily precipitation data accompanied with the rain/snow
observation at synoptic stations are used to estimate the threshold temperature [16].

In each station, through assigning the snowfall percentage in various temperature intervals,
the temperature corresponding to 50% snowfall is determined as the threshold temperature. Based on
the monthly and annual mean temperature for the study period at all stations, the spatial correlation
relationships between temperature and elevation are found using DEMs. The areas below the
threshold temperature are identified as potential snow storage areas using the isothermal maps.
Hence, establishing snow gauges is considered in these areas.

In addition, the semi-variogram analysis [15] is conducted using observed snow water equivalent
(SWE) data from snow measurement stations or MSC stations (average of SWE for the period of 1974
to 1999). The best variogram model is adopted to compute the spatial distribution of error variance.
Estimation variance denoted by σ2

e demonstrates the variance of the error between observed and
estimated values. In geostatistics, it can be computed from average values of semi-variograms using
available supplementary functions [19]. In addition, for calculation of confidence levels, estimation
variance is used in many other cases, such as designing an optimal measurement network, calculating
the error reduction resulted from increasing the number of sampling, and assessing different sampling
methods. Estimation variance can be defined with the following equation [20]:

σ2
e = 2

n

∑
i=1

λi × γoi − γo −
n

∑
i=1

n

∑
j=1

λi × γij (1)

where λi is weight of data at point i, γo is the variogram value for h = 0, (where h is the distance
between paired points), γoi is the variogram value between the considered point and point i, γij is the
variogram value among i and j samples and σ2

e is the estimation variance at the ith point.
Further explanation about the error variance map is available in [19]. Error variance maps are

used as the main reference in determining the new locations of a gauge or omitting redundant gauges.
Therefore, snow measurement stations can be established where error variance is high. The reduction
of spatial error variance corresponding to adding one station can also be determined.

2.3.2. Hydrological Criteria

In mountainous areas with a mixed snow-rain precipitation regime, the contribution of snowmelt
to the annual runoff is an important factor. Because of the inherent uncertainty in the separation of
flow components, a simple water balance model is used [21]. Precipitation over the melting season,
annual runoff coefficient and snowmelt runoff determined for each hydrometric station are accounted
in the water balance model, which can be expressed as follows:

R = (Hw + P) × C (2)

where R is the total runoff over the snowmelt season in millimeters, Hw is the depth of SWE at the
beginning of the snowmelt season in millimeters, P is the precipitation over the snowmelt season
(spring and summer) in millimeters and C is the average runoff coefficient that can be computed based
on precipitation and discharge data. P is calculated based on monthly isohyetal maps. Hw represents
the unknown of the model.

Having determined R at hydrometric stations, a regional model is developed to estimate R at
ungauged locations. Basin characteristics such as area, average elevation, and the percentage of
areas with elevation above 2000, 2500 and 3000 m are used as independent variables of the regional
model [22]. As a result, a map of R values at sub-basin scale is produced such that sub-basins may be
prioritized based on snowmelt runoff contribution. This map is used as one of the criteria in selection
of snow measurement stations.
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2.3.3. Remote Sensing Snow Observation Criteria

Time series of snow cover maps were available from Jamab [13]. These maps had been
extracted from NOAA-AVHRR images for the period of 1984–2003. Detailed description of image
geo-referencing, noise reduction, and snow cover extraction are available in Porhemmat et al. [14].
In brief, the methodology of snow detection by Porhemmat et al. [14] has two steps of split and merge
technique on AVHRR satellite images, channels 2, 3 and 4. In the first step, two split-and-merge
clustering/labeling procedures were used in order to separate clear land pixels from pixels contained
by either snow or cloud as described by Simpson et al. [23]. In the second stage, the same procedure was
used only on pixels containing cloud, snow or a mixture of both. At this stage, pixels containing snow
were distinguished from those containing cloudy pixels. To improve and control this computerized
procedure, the above methodology was combined with threshold techniques and filter analysis of
AVHRR channels data, especially channel 2, 3, and 4. Due to the high contrast between snow covered
and snow free surfaces, channel 1 facilitates the definition of snow pack boundaries. Also, channel 3
and channel 4 analyses were effectively used as the snow/cloud discrimination channels. Validation
of the NOAA snow detection algorithm was performed against eye interpretation via on screen
digitization of simultaneous NOAA and Landsat TM images.

The FSO derived from the mentioned snow cover maps is a key criterion for identifying the
potential snowy areas. The following relationship for calculating FSO has been proposed by Saghafian
and Davtalab [12]:

FSO(i) =

T
∑

l=1
X(i, l)

T
× 100 (3)

where FSO(i) is frequency of snow observations for the i-th pixel, T is the total number of snow cover
maps over the study period and X is a binary number equal to one if it is snow and zero otherwise.

In this study FSO is calculated for two time periods of December–February and March–May. Since
the study area receives snow from early December to late February [12], FSO during these months
is considered as snowfall probability (FSO-SFP). Also, almost all snow storage of study area melts
during March until end of May. Therefore, FSO during these months is considered as snowpack
persistence probability (FSO-SPP). FSO-SPP is dependent on temperature, additional precipitation and
topographic conditions of the land [24,25]. Snow may disappear quickly due to temperature increase
and/or shallow depth of snow. Snowmelt and loss of snow storage occurs faster along southern
aspects because of direct sunshine [24,25]. Since spring and summer are high water demand seasons
in the study area, FSO-SPP or snowpack persistence is important for meeting the water demands.

2.3.4. Synthesis of Criteria in Site Selection

As previously mentioned, the study area is divided into 250 m elevation intervals.
Establishment/relocation of new/existing snow measurement stations is analyzed within each interval.
The area ratio of each elevation interval to the total basin area is considered as a weight index.
The weighted average snowfall probability in each interval is also calculated, using FSO-SFP map.
This criterion is used as one of the main factors in snow station site selection.

The areas with FSO-SFP higher than the weighted average snowfall probability are identified in
each elevation interval that has no snow measurement station. If spatial distribution of the identified
areas were like patchy snow cover, those small polygons were eliminated. Then the meteorological
and hydrological criteria are taken into account so that the areas with no or minimal snowfall potential
and/or sub-basins with low snowmelt runoff volume are eliminated in further analyses.

However, if a snow measurement station is already operational in an altitudinal range,
the appropriateness of its present location is assessed based on the criteria such as FSO-SFP, FSO-SPP
and field visit.

In addition, the spatial pattern of stations is investigated according to the estimation variance maps.
Therefore, new stations are likely to be proposed in areas subject to high estimation variance. The
FSO-SPP map is further used as a reference in very large areas of high variance to reduce the field visit
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area. Clearly, areas with FSO-SPP higher than the weighted average snowpack persistence probability are
appropriate areas for establishing new stations, since they provide the snow storage data for simulating
snowmelt runoff over dry seasons.

After determining suitable areas at regional or macro scale, topography, road access, and proximity
with residential areas (to facilitate the operation and maintenance of stations) are the main factors
for site selection of snow stations at local or micro scale. The final step for site selection was field
study to determine the exact point for installing the stations based on WMO recommendations [26].
The following criteria has been considered during the field study for selecting the representative
location for the snow course: leaving clear space within the radius of at least equal to the height of
the nearest obstacle, absence of strong wind and snowdrift (as much as possible), safety of the station
against avalanche, no significant changes in elevation in a radius of 50 m (if possible), no reverse slopes
and hard surface conditions for ease of leveling, good drainage, homogeneous vegetation cover and
land use in the vicinity, and having enough open space to avoid snow interception.

For sake of brevity, only Dez Basin results will be presented.

3. Results

3.1. Classification of Regions Based on Meteorological Criteria

Isothermal maps are developed using the digital elevation model (DEM) and the temperature
gradient relationships. The average threshold temperature is 2.4 ◦C at most synoptic stations, which is
assigned as the threshold for the entire region (more explanation is available in Saghafian et al. [16]).
The area with average monthly temperature less than 2.4 ◦C are designated as the potential snowfall
areas and areas with temperature below 0 ◦C are classified as the potential area for snow persistence.
Therefore, the regions with temperature between 0 ◦C and 2.4 ◦C represent areas prone to coupled
snowfall-snowmelt processes. Figure 3 illustrates the spatial distribution of potential snowfall,
snowmelt, and snow persistence areas in February in Dez Basin.
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Semi variogram analysis is carried out using the average of SWE data over the historical period,
and the spatial distribution of estimation error variance is extracted using the best variogram model.
Since the SWE data are available only for Dez and Karun basins, the performed estimation error
variance analyses are limited to these basins. Figure 4 shows the error variance in the Dez Basin, areas
with higher error are candidates for establishment of new stations.Water 2016, 8, 539  8 of 13 
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3.2. Hydrological Criteria

Snowmelt runoff volumes at 40 hydrometric stations are calculated based on the water balance
model. Figure 5 shows the location of the selected stations in Dez Basin and all the hydrometric
stations are shown in Figure 1. A regional regression model between snowmelt runoff volume
and the percent of basin area higher than 2500 m is then built in order to provide estimates of
snowmelt runoff at sub-basin outlets without hydrometric station (more information is available in
Ghanbarpour et al. [22]). Snowmelt runoff volume and the corresponding priority in Dez Basin are
given in Table 1 as an example.

Table 1. Snowmelt runoff volume and the corresponding priority in Dez Basin.

Sub-Basin Snowmelt Runoff (mm) Priority

Upstream of Tang Sezar 4.7 7
Upstream of Sepidan 12.4 6

Upstream of Sezar 44.7 2
Upstream of Tang Bakhtiari 42.5 3
Upstream of Zard Fahreh 84.2 1

Upstream of Daretakht 25.5 4
Upstream of Doroud 22.7 5
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3.3. Snowfall and Snowpack Persistence Probability Criteria

As previously indicated the FSO-SFP and FSO-SPP maps are derived based on Equation (3) over
the snowfall and snowmelt seasons, respectively. These two layers represent the spatial distribution
of the probability of the accumulation and persistence of snow that are key factors in site selection.
Figures 6 and 7 show FSO-SFP and FSO-SPP maps in Dez Basin, respectively.
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3.4. Site Selection and Station Type

Site selection for snow stations is performed by integration of all available criteria including
meteorological, hydrological and remotely-sensed variables. Site selection using the systematic and
comprehensive approach described in this study will help decision makers to implement economically
sound plans for optimizing a new set of stations or upgrading the existing network. This will be the
case even where there is no historical snow data in the basin. In the study area, there is no historical
snow data or MSC station available in Marun and Karkheh basins. Therefore, site selection of the
snow stations is performed by integrating hydrological, meteorological and remotely-sensed variables.
However, there are some operational MSC stations located in Karun and Dez Basins. Therefore,
the refinement and optimizing of the existing network is performed based on the distribution of
current stations and the error variance map, in addition to other variables mentioned above.

To make the proposed methodology more operationally practical, we choose to start the
integration process from the altitudinal range of 250 m intervals and then generalize it to the basin
scale. During the integrating phase, there is more emphasis on satellite images in terms of FSO-SFP
and FSO-SPP criteria, due to the lack of homogeneous and long-term snow data. In the next step,
meteorological and hydrological factors are also considered in order to compensate the impacts of
snow data shortage. Since the site selection has been done in each individual elevation boundary, as an
example, one of the altitudinal ranges of Dez Basin will be described in detail. This example shows
step by step procedure that is followed in this research for all four major basins as follows.

The altitudinal range 2250–2500 m approximately covers 12% of the Dez Basin. The weighted
average of FSO-SFP in this interval is about 40.8%. There are 11 MSC stations in this interval as listed
in Table 2. According to this table, the distribution of stations over elevation is relatively good. Dalooni
and Barfian stations have the highest and lowest snowfall probability or FSO-SFP in this altitudinal
range, with 57% and 38%, respectively. In addition, Dalooni and Yazdgerd stations have the highest
and lowest snowpack persistence probability or FSO-SPP, with 38% and 25%, respectively. Based
on hydrologic criterion and road access, the ranking of each station is carried out for this altitudinal
range. For example, in terms of road access, Ghaleh-Rostam and Yazdgerd stations are the most
undesirable locations.



Water 2016, 8, 539 11 of 13

Table 2. Existing manual snow-course (MSC) stations in altitudinal range of 2250–2500 m in Dez Basin.

MSC Station Elevation (m) FSO-SFP (%) FSO-SPP (%)

Vanaee 2250 42 30
Ghalavardeh2 2300 44 17
Vazmeh-dar 2300 48 32

Ghaleh-rostam 2300 32 10
Aziz-abad 2300 46 20

Barfian 2350 38 20
Yazdgerd 2500 44 25

Palang-dar2 2400 46 26
Dalooni 2500 57 38

Chahar-cheshmeh2 2400 46 18
Gardanehe-khakbad 2450 39 27

To make a final decision, the weighted average snowfall probability in this altitudinal range
(rounded to 40%) is used as a criterion to determine the appropriate area for installing the stations.
Thus, we set a threshold FSO-SFP of 40% to assess the present network. The selected zone for
new stations is shown in Figure 8 along with the current station network. According to this figure,
the existing network in this elevation has a desirable distribution, however, Ghaleh-rostam and
Vazmeh-dar stations are close to each other and located at same elevation (2300 m). Therefore, one
of the two stations should be removed. Vazmeh-dar station has more priority than Ghaleh-rostam
station based on the FSO-SFP and FSO-SPP criteria, the ratio of winter precipitation to the annual
precipitation, potential of snowfall, and road access. The two stations have similar contributions in
snowmelt runoff according to the hydrological criteria. Therefore, Vazmeh-dar station is kept.
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According to Figure 8 and the error variance map in Figure 4, spatial distribution of snow
measurement stations in the 2250–2500 m elevation interval is generally appropriate while the error is
relatively high in the west of the basin (shown by a thick polygon). Moreover, the average of snow
persistence or FSO-SPP in this area exceeds 20% (Figure 7). By checking on topography and road
access, one location is proposed for a new station in the mentioned area.
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4. Conclusions

In this paper, a comprehensive approach for site selection of snow measurement stations in
a mountainous area is proposed, based on an integration of meteorological, hydrological and remote
sensing analysis. The approach is applied to a vast region encompassing four large river basins in the
southwest of Iran. Snowfall and snowpack persistence probability maps are derived based on satellite
images and used in a systematic site selection approach. Meteorological and hydrological variables
such as basin average snowmelt and snowfall threshold temperature are included in the analysis to
overcome lack of historical snow data availability.

The comprehensive site selection methodology for snow measurement stations not only
ensures reliable snow data availability for the purpose of sustainable water resource management,
but also provides an economically sound approach to optimize and maintain a cost-effective
measurement network.

According to Moss [27], who emphasized economic considerations in network design, access
(distance) to roads is considered as an indirect economic criterion for site selection of snow stations at
local scale.

As a result of this study, six automatic snow-pillow stations (ASP) and four manual snow-course
stations (MSC) in Karkheh basin; 17 ASP stations, 14 MSC stations and six control points in Dez Basin;
16 ASP stations, 10 MSC stations and 10 control points in Karun basin; and four ASP stations in Marun
basin are proposed.

There is limited literature on design or evaluation of snow measurement networks in large
spatial scale. The authors believe that the methodology described in this paper is a step forward for
such studies, especially in data-poor regions where satellite information can play a significant role.
However, there is room to improve on snow station network design in the future. One attractive
alternative is to examine different scores for each input variable depending on their suitability, accuracy,
and importance.
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