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We introduce a Rainfall, Snow and Glacier melt (RSG) standardized anomaly (SA) index to reflect water
availability in cold river basins by taking into account snow and glacier melt that influence seasonal
water availability. The study takes advantage of a high-resolution Water and Energy Budget-Based
Hydrological Distributed Model with improved snow physics (WEB-DHM-S) at a grid size of 5 km to
quantify hydrological regimes in a typical cold river basin in the Tibetan Plateau (Lhasa River basin as
a demonstration site) from 1983 to 2012. Standardized anomaly index was utilized as drought
Indicator whereby each meteo-hydrological parameter involved in drought quantification was fitted to
a distribution pattern on a monthly basis. Akaike Information Criterion and Bayesian Information
Criterion were used as selection criteria. Drought indices were computed from the model inputs and out-
puts, which included RSG for meteorological drought, soil moisture (surface and root-zone) for agricul-
tural drought and discharge and groundwater level for hydrological drought. From spatial and
temporal analyses, drought occurred in 1984, 1988, 1995, 1997, 2009 and 2010, with the highest severity
in August, September, July, August, June and June, respectively. This study addresses the glacierized cold
river basin’s dryness by considering the contribution of snow and glacier in drought quantification, an
integration of meteorological, agricultural and hydrological was performed to highlight drought hotspots
in the Lhasa River Basin. To the best of our knowledge, this is the first drought study in Lhasa River Basin.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Drought is one of the most expensive hydrological extremes,
creeping phenomenon with undefined onset and end and therefore
it is imperative to monitor and predict the likelihood of occurrence
at the basin level (Nam et al., 2015; Zarafshani et al., 2016; Laaha
et al., 2016; Ortega-Gaucin et al., 2016). Drought can occur in
wet and humid regions despite its association to aridity, affecting
agriculture, ecosystems and social sector (Carrão et al., 2016).
The complexity of the cold region makes it even more complicated
to estimate the magnitude of the drought due to the presence of
glaciers and snow. The widely applied standardized precipitation
index (SPI; McKee et al., 1993) has been used to characterize mete-
orological drought and by extension hydrological drought in areas
where streamflow data are unavailable or were subjected to
human intervention (Staudinger et al., 2014). However, SPI does
not take into account temporary storage of solid precipitation
and later melting of snow and glacier, thus resulting in significant
differences between SPI and streamflow derived hydrological
droughts as a result of time lag. As pointed out by the National
Drought Mitigation Centre (see online at http://drought.unl.edu/
DroughtBasics/TypesofDrought.aspx) meteorological drought can
be defined as degree of dryness and duration of dryness. This dry-
ness has solely been based on precipitation, but if you consider
winter season in cold regions, precipitation mainly occurs in the
solid state. The basin can receive an adequate amount of precipita-
tion yet not all this water will be available in the liquid state (a lot

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2016.10.050&domain=pdf
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of it will occur in the solid state (snowfall)) thus resulting in basin
dryness. Likewise, during summer, basins in cold regions receive
water from snowmelt and glacier melt adding to wet conditions
from precipitation. RSG combines rain (the liquid part of precipita-
tion), snowmelt and glacier melt forming liquid water that reaches
basin surface to reflect the correct basin dryness or wetness hence
the preference of RSG over precipitation to study meteorological
droughts in the cold basin.

Drought severity is expressed in terms of a single number and is
generally characterized by drought indices or statistics (Tsakiris
et al., 2007; Heim, 2002). Table 1 shows meteorological conditions
considered for a range of Standardized Anomaly index (SA) values.
The conditions and range of SA conditions are same as those of SPI
by McKee et al. (1993) as explained by Jaranilla-Sanchez et al.
(2011). In general, there are four different types of drought: mete-
orological, agricultural, hydrological (physical characteristics;
shown in Fig. 1) and socioeconomic (negative impacts on environ-
mental and socioeconomic systems; Wilhite and Glantz, 1985;
Tijdeman et al., 2015; Blauhut et al., 2015; Meresa et al., 2016).
Meteorological drought depends only on precipitation deficit and
duration of precipitation deficit. Agricultural drought refers to sit-
uations with insufficient soil moisture levels to meet the water
needs of plants during the growing season (Hao and Singh, 2015;
Shukla et al., 2011; Seçkin and Topçu, 2016). Hydrological drought
occurs after a longer period of precipitation deficit (i.e., hydrologi-
cal drought normally occurs after meteorological and agricultural
drought) (Ceglar et al., 2008). Hydrological drought has been
broadly studied within the last decades in many countries (Fleig
et al., 2010; Hisdal and Tallaksen, 2003; Nalbantis and Tsakiris,
2009; Stefan et al., 2004; Tallaksen and Van Lanen, 2004), mainly
due to increasing frequency of periods of drought in mild climate
conditions where increasing air temperature, often combined with
lack of precipitation causes a decrease in available water in river
basins and in groundwater levels (Fendeková and Fendek, 2012;
Esper et al., 2007). Processes and estimation methods for surface
and groundwater droughts were analyzed in many drought studies
(Meyboom, 1961; Mishra and Singh, 2010; Tallaksen and Van
Lanen, 2004). Socioeconomic drought occurs when meteorological,
agricultural or hydrological drought affects the supply of economic
goods negatively and it usually occurs when the water supply is
insufficient to meet human and environmental needs (Maia et al.,
2015). Lhasa River basin has a harsh and unforgiving environment
(remoteness, high altitude, inclement weather, etc.) with an aver-
age elevation of approximately 4500 m above mean sea level.
The temperatures in the basin are cold, precipitation is sparse
while oxygen and atmospheric pressure are low directly influence
the human living conditions. Compared with low elevation areas,
there are relatively few human activities in the basin because
few people live in such harsh conditions. Due to the above factors,
this study did not consider socio-economic drought as assessment
of how drought affected people’s behavior and options (e.g., water
rationing, increased prices or lost recreational opportunities).
Table 1
Meteorological conditions considered for the range of SA values (Jaranilla-
Sanchez et al., 2011).

SA values Meteorological condition

2.0+ Extremely wet
1.5 to 1.99 Severely wet
1.0 to 1.49 Moderately wet
�0.99 to 0.99 Near normal
�1.49 to �1.0 Moderately dry
�1.99 to �1.5 Severely dry
�2 and less Extremely dry
Recent advancement in drought quantification at the basin level
has led to the use of a new standardized anomaly (SA) index based
on hydrological model quantification of droughts and all types of
droughts can be based on a single index (Jaranilla-Sanchez et al.,
2011). We used the developed SA index to quantify the droughts
of cold river basins where cryosphere components exist. However,
the presence of snow and glaciers cannot be reasonably quantified
by Jaranilla-Sanchez et al. (2011) approach, as there is temporary
storage of water in solid form within cold river basins. During the
cold period when temperatures are below freezing, precipitation
occurs in a solid state and accumulation continues as long as tem-
peratures are below freezing (Gao et al., 2012). The solid-state
water is temporarily retained in the basin without accumulating
in streams for domestic, agricultural and industrial use; thus, bas-
ing meteorological drought estimation on precipitation results into
incorrect drought conditions as droughts can still occur despite
available adequate precipitation during such a period.
During warmer periods (temperatures above the freezing point),
accumulated snow melt increases streamflow (Li et al., 2008).
Besides snowmelt, glacier-melt also contributes significantly to
overall discharge in a glaciated basin (Engelhardt et al., 2014). Snow
and glacier melts are therefore key elements of discharge during
late spring and summer in cold region basins as the magnitude
and timing of runoff from such a catchment tend to be sensitive
to changes in temperature due to its influence on snow and glacier
melt (He et al., 2014). More recently, snow melt inclusion in
drought index derivations has resulted into the Standardized Snow
Melt and Rain Index (SMRI), developed by Staudinger et al. (2014)
to improve drought estimation in cold regions. Staudinger et al.
(2014) work need further improvement. First, the research focused
on development of a rain and snowmelt index only, which alone
cannot be relied upon as drought relates to multiple meteorological
and hydrological variables (Hao and AghaKouchak, 2013; Hao et al.,
2014) rather than comprehensively estimating the overall drought
influence at the basin level by including other types of droughts.
Secondly, the presence of glaciers in glacierized basin complicates
the situation, as the developed measure does not consider glaciers.
Finally, the method is a complementary index to SPI based on a
Pearson type III distribution, which has been shown not to be good
for variables other than precipitation (Shukla andWood, 2008). This
paper focuses on further improvement of this index, and the con-
struction of a standardized anomaly index of rain, snowmelt and
glacier melt to replace the original SPI (that could not represent
available liquid water for current use in cold regions) for improved
drought monitoring in cold regions as well as integrating different
droughts in Lhasa River basin.

The objective of this study was to develop a new approach for
quantitative drought monitoring in cold river basins, where total
precipitation (liquid and solid forms) does not accurately represent
water availability. The paper is organized as follows. Section 2
describes a distributed biosphere hydrological model and the SA
index. The study area and datasets are introduced in Section 3. Sec-
tion 4 depicts the evaluations of hydrological model, and quantita-
tive drought monitoring at a typical cold region (Lhasa River Basin
over Tibetan Plateau). Section 5 draws conclusions.
2. Method and model

2.1. Distributed biosphere hydrological model

The model is a coupledWater and Energy Budget-Based Distrib-
uted Hydrological Model (WEB-DHM; L. Wang et al., 2009a,b,c)
with Simplified Simple Biosphere Scheme version 3 (SSiB3; Sun
and Xue, 2001; Xue et al., 2003) three-layered energy balance snow
scheme and Biosphere-Atmosphere Transfer (BATS; Dickinson
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Fig. 1. The sequence of Drought impacts for meteorological, agricultural and hydrological drought.
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et al., 1993; Yang et al., 1997) albedo scheme to improve snow
physics and runs at an hourly time step at a predefined grid size
(Shrestha et al., 2014b) (Fig. 2). Initially, WEB-DHM was developed
by embedding a simple biosphere scheme (SiB2; Sellers et al.,
1996) to a geomorphology-based hydrological model (GBHM;
Yang et al., 2001; Wang and Wang, 2006). In various studies (Hu
et al., 2015; Jaranilla-Sanchez et al., 2011; L. Wang et al., 2009c,
2010a,b, 2012; F. Wang et al., 2011, 2012; Xue et al., 2013; Zhou
et al., 2015), WEB-DHM has been demonstrated as a distributed
biosphere hydrological model that enables consistent descriptions
of water, energy, and CO2 fluxes at the basin scale.

The new coupling resulted in a more comprehensive simulation
of snow variables such as density, water equivalent and the surface
temperature of snow and snowmelt runoff, as well as liquid water
and ice content in each snow layer (Shrestha et al., 2012). The point
scale and basin scale evaluation of WEB-DHM-S (Shrestha et al.,
2010) in wide regions showed that the model was able to simulate
the variability of snow density, snow depth, snow water equiva-
lent, snow albedo, snow layer temperature, snow cover area and
runoff (Shrestha et al., 2014a). In WEB-DHM snow is considered
as a constant density (200 kg m�3), a single-layer bulk snow mass
balance and thermal regime of snow is not distinguished from that
of soil whereas, in WEB-DHM-S, Snow is divided into three layers.
The top layer is kept at a constant 2 cm depth for diurnal changes
in snow surface temperature. The middle layer is kept at a maxi-
mum thickness of 20 cm and the remaining body of snow is
assigned to the bottom layer. The calculation of mass balance for
each layer is dependent on precipitation, evaporation/condensa-
tion, compaction, liquid water retention, snow runoff and filtration
into the underlying layers. The in-depth analysis of model equa-
tions and snow physics can be found in earlier studies (Shrestha
et al., 2010, 2012). In this study, in addition to snow, the presence
of glaciers in the basin was considered, with the glacier being sim-
plified as thick snow (100 m) (Zhou et al., 2015). Pixels considered
having glaciers were used to simulate glacier melt while in non-
glacier pixels it was considered as snow. Although there are still
uncertainties, glacial runoff simulation improves the accuracy of
total runoff more than considering only rain and snow melt
(Shrestha et al., 2015).

Various datasets were used in this study, including Digital Ele-
vation Model (DEM), soil, land-use, Leaf Area Index (LAI), Fraction
of Absorbed Photosynthetically Active radiation (FPAR), glacier and
forcing data described in Table 2 were manipulated from the native
resolution to a predefined 5-km size through inverse distance
weighting (IDW) interpolation and nearest neighbor resampling
before integration into WEB-DHM-S. Data collection in a moun-
tainous region coupled with a climate of a cold region posed a large
challenge in the acquisition of data. To overcome this challenge,
some of the model input datasets (DEM, land-use, soil, glacier,
LAI and FPAR) were subset from global datasets. The model was
run at hourly time steps to output gridded RSG, groundwater level,
soil moisture (surface and root-zone) and discharge, which this
study utilized to effectively quantify droughts in this basin. The
simulated discharge was compared to observed discharge in order
to calibrate the model; the calibrated model results were com-
pared with the observed data from different periods for validation.
Simulated RSG was used to determine meteorological drought
which was compared with precipitation (model input) and later



Fig. 2. The WEB-DHM process (A); (a) division from basin to subbasin; (b) subdivision from subbasin to flow intervals comprising several model grids; (c) discretization from
a model grid to a number of geometrically symmetrical hillslopes; (d) and description of t the water moisture transfer from atmosphere to river. Rsw, Rlw, H are downward
solar radiation, long wave radiation and sensible heat flux, respectively. (B) A detailed description of vertical 3-layer energy balance soil and Snow model coupled with WEB-
DHM: Two different soil subdivision schemes are used for describing land-surface and hydrological processes, respectively. For snowmodel details are given by Shrestha et al.
(2014a,b).
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Table 2
Data sets utilized in WEB-DHM-S to simulate hydrological and meteorological
variables and their sources.

Data Description URL

DEM SRTM 90m http://srtm.csi.cgiar.org/

Soil FAO soil map with a spatial
resolution of 5 arc minutes

http://www.fao.org/soils-
portal/soil-survey/soil-maps-
and-databases/harmonized-
world-soil-database-v12/en/

Land use USGS global land-use 1 km http://edc2.usgs.gov/glcc/
glcc.php

LAI/FPAR AVHRR (1981–2001) 1 km ftp://primavera.bu.edu/
pub/datasets

MODIS (2000 � now) 1 km https://wist.echo.nasa.gov/
~wist/api/imswelcome/

Glacier WESTDC2.0 1 km http://westdc.westgis.ac.cn

Forcing data ITP forcing data 0.1 degrees http://westdc.westgis.ac.cn
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RSG and precipitation were related to observed discharge to deter-
mine the suitable parameter that can reveal cold basin dryness.
Other simulated model outputs utilized in the study for various
droughts were soil moisture (surface and root zone) for agricul-
tural drought and discharge and groundwater level for hydrologi-
cal drought.

The initial conditions of three hourly precipitation, air temper-
ature, pressure, short and long wave radiation and specific humid-
ity drove the point scale model simulation at the basin pour point
at Lhasa hydrological station. In addition, the MODIS snow cover
product, which has been widely used for snowmelt models (Klein
and Barnett, 2003; Parajka and Blöschl, 2008; Tekeli et al., 2005),
was utilized as well as glacier areal coverage to quantify liquid
water. The model was calibrated based on daily-observed dis-
charge. The two-step calibration was done from 2001 to 2005. In
the first step, a long-term spin up period from 1983 to 2000 was
selected in which model was run to generate initial conditions that
were used in model calibration. Therefore, the first step provided a
framework for the second step, which was purely based on trial
and error method to optimize parameters by comparing simulated
and observed streamflow. The calibration was done by adjusting
saturated hydraulic conductivity for surface soil, anisotropy ratio
which relates hydraulic conductivity in vertical and horizontal
planes and maximum surface water storage (Jaranilla-Sanchez
et al., 2010). This process accounts for all water from the surface
flow, subsurface flow and base flow leading to streamflow. With
good calibration results, the model simulated results can be relied
upon.

The performance of the model was evaluated by comparing the
simulated and observed discharges. The Nash-Sutcliffe (NS) model
efficiency coefficient (Nash and Sutcliffe, 1970), Relative Error (RE),
Root Mean Square Error (RMSE) and Mean Bias Error (MBE) were
used as an evaluation criterion for simulated results. NS is defined
as:

NS ¼ 1�
Pn

i¼1 Qoi � Qsið Þ2
Pn

i¼1 Qoi � �Qoi
� �2 ð1Þ

where Qsi and Qoi are simulated and observed discharge values
respectively, �Qoi is mean discharge over entire study period while
n is the total number of time series.

2.2. Standardized Anomaly index (SA)

The seasonal variation in basin parameters requires a method
that will provide more information about the magnitude of the
anomalies by removing the influence of dispersion. SA was pre-
ferred over the standardized index (SI) developed by McKee et al.
(1993) due to limitations of SI discussed by Jaranilla-Sanchez
et al. (2011). First, SI only utilizes a single gamma distribution,
which tends to overlook differences in distribution patterns of data
variation in mean monthly values. This might apply to some
parameters like precipitation. However, it cannot be extended to
all parameters and hence can only apply to specific parameters
that follow a gamma distribution. Shukla and Wood (2008) evalu-
ated the assertion by McKee et al. (1993) that a gamma distribu-
tion used for fitting precipitation can be extended to other
variables by using it for the runoff. They found that distributions
other than the gamma distribution would be more appropriate
for the model-based runoff. In our study, several hydrological vari-
ables had varying monthly distributions. Individual variables were
considered on a monthly basis to effectively fit the variables to an
appropriate distribution (see Table 3). Statistical model selection is
a trade-off between bias and variance. Akaike Information Crite-
rion (AIC) and Bayesian Information Criterion (BIC) were preferred
as selection criteria due to their ability to simultaneously compare
multiple models, evaluate uncertainties in model selection and
their simplicity in calculation from maximum likelihood estimates
(Posada and Buckley, 2004). For this study, the best-fit model was
selected on the basis of minimum corrected AIC (AICc) and BIC
(BICc) (Jaranilla-Sanchez et al., 2011) which are defined as follows:

AICc ¼ �2log likelihoodþ 2kþ 2kðkþ 1Þ
n� k� 1

ð2Þ

where k is the number of estimated parameters and n is the number
of observations in the dataset.

BICc ¼ �2log likelihoodþ klnðnÞ ð3Þ
where n is the sample size.

The insensitivity of the SI with regard to seasonality and the
monthly difference is a result of the utilization of a simple average
of precipitation for each period. In dry climates, zero values will be
common, as in the case of the Lhasa River Basin during the month
of December, January and February, when there is very little or no
precipitation. In such a case, a highly skewed underlying precipita-
tion distribution and the limitation of the gamma distribution will
result in a non-normal distribution for a short scale of time, caus-
ing errors in quantification of drought. Contrary to SI, the SA has
the ability to show consequences of shortage or surplus in rainfall,
which has better coherence with the consequences of drought and
wet spells (Chanda and Maity, 2015).

SA can be defined as the conversion of variables (hydrological in
this case) at a station into units of the monthly-based number of
standard deviations from the long-term station mean. In order to
calculate SA, the variables were fitted to a distribution pattern by
considering AICc and BICc, transformed to a normal distribution
as follows:

xtransformed ¼ x� u
r

ð4Þ

where u ¼ R
xf ðxÞdx, r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

varðxÞp
,varðxÞ ¼ R ðx� uÞ2ðf ðxÞdx and f ðxÞ

is the distribution function of any hydrological parameter x. Then
standardized as follows,

SA ¼ xtransformed � �xtransformed

rtransformed
ð5Þ

where �xtransformed is the long-term mean of transformed values while
rtransformed is the standard deviation of the transformed parameter.
This method adequately represents long-term variation in parame-
ters, hence being ideal for drought analysis compared to other
methods (Vicente-Serrano and López-Moreno, 2005). It can also
be used across the board to analyze any kind of drought and thus

http://srtm.csi.cgiar.org/
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http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
http://edc2.usgs.gov/glcc/glcc.php
http://edc2.usgs.gov/glcc/glcc.php
https://wist.echo.nasa.gov/<ucode type=
https://wist.echo.nasa.gov/<ucode type=
http://westdc.westgis.ac.cn
http://westdc.westgis.ac.cn


Table 3
Monthly best-fit distribution patterns for the different hydrological parameters.

Month Precipitation Discharge Soil moisture: surface Soil moisture: root zone Groundwater level Rain + snow/glacier melts

Jan Log Generalized Gamma Log Generalized Gamma Normal SEV Normal Log Generalized Gamma
Feb Zero Inflated Lognormal LEV Normal Weibull Normal Log Generalised Gamma
Mar Log-logistic Lognormal Normal Weibull LEV Log-logistic
Apr Weibull LEV Weibull Lognormal Normal Log-logistic
May Log Generalized Gamma Normal Weibull Normal Normal Weibull
Jun Weibull Normal Logistic Lognormal Normal Normal
Jul Normal Log Generalized Gamma Normal LEV Normal Normal
Aug Lognormal Normal Weibull LEV LEV Lognormal
Sep Weibull Lognormal SEV Lognormal LEV Weibull
Oct Exponential LEV SEV LEV LEV Weibull
Nov Zero-Inflated Lognormal LEV SEV Lognormal LEV Zero-Inflated Lognormal
Dec Log Generalized Gamma Log Generalized Gamma Weibull Weibull Normal Zero-Inflated Lognormal
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can be relied upon as a standard method. The SA main disadvantage
is that it is more complicated and need more time to compute as
compared to most indices. For SA standardized parameters, drought
severity depends on how low S.A is, with an index of below �1
being referred as drought (Jaranilla-Sanchez et al., 2011). A combi-
nation of all of the parameters was performed by overlaying the SA
indices to determine the extent of severity of droughts in the basin.
Temporal variation identified the years and months that were
severely affected by droughts as spatial variation identified areas
that were drought hotspots in identified months.
Fig. 3. The Lhasa River basin: (a) digital elevation model, (b) Land-use and (c) Food
and Agriculture Organization of the United Nations (FAO) soil type, with river
network and discharge gauge station in Lhasa city.
3. Study area and dataset

3.1. Study area

The Lhasa River basin is located in the southern part of the Tibe-
tan Plateau in Central Asia. The watershed of the Lhasa River,
locally known as Kyi Chu, is the largest and longest river tributary
of the upper Brahmaputra River (555 km) that originates from the
southern foothills of the Nyaiqentanglha Mountains with a drai-
nage area of 26,225 km2. The basin has an average annual precip-
itation of 466.3 mm and monthly average temperature ranges
between �9 �C and 9 �C. The geographical coverage of the basin
stretches from 29�200 to 31�150N and from 90�050 to 93�200E as
shown in Fig. 3(a). The Lhasa river basin supports agricultural irri-
gation, township water supplies, and formation of certain tradi-
tions of local Tibetans (Lin et al., 2008). The area has glaciers
which cover about 600 km2, which is equivalent to 4 percent of
the total basin area. This primary class includes glaciers adhering
to mountainsides, and consists of the cirque, niche and crater gla-
cier types as well as hanging glaciers and groups of small ice units
(Prasch, 2010).

The basin elevation ranges from approximately 3624–6543 m
above mean sea level and land use is dominated by grassland. It
is composed of various vegetation types, including alpine steppe,
alpine shrub steppe, alpine meadow, and cushion vegetation. The
soil type in the area includes alpine meadow soils, shrub-steppe
soils, and sub-alpine meadow soils, which are characterized by a
clear vertical spectrum. The area also experiences seasonally fro-
zen ground whose length of time has a large impact on agricultural
production. In addition to frozen ground, glaciers develop around
the drainage basin and headwater region, which also contributes
significantly to total runoff primarily during the summer (Lin
et al., 2008).

3.2. DEM, land-use and soil data

For accurate simulation and validation of climatic conditions,
highly accurate data is required. Therefore, the Lhasa River Basin
required a high-resolution data to accurately represent conditions
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in the basin, especially due to the variability of rainfall over a small
area. To achieve this, high-resolution data were used in this study
(see Table 2). The Shuttle Radar Topography Mission (SRTM) 90 m
Digital Elevation Model (DEM) shown in Fig. 3(a) was obtained
from the Consultative Group for International Agricultural
Research (CGRIAR) consortium for spatial elevation information.
Due to the size of the basin, a reasonable 5-km grid size spatial res-
olution was used in the study. The DEM was used in basin delin-
eation, subdivision and also in the determination of basin
hillslope. Land use data (see Fig. 3(b)) were acquired from the Uni-
ted States Geological Survey. Fig. 3(c) shows soil type classifica-
tions according to Food and Agriculture Organization of the
United Nations (FAO) obtained from the FAO soils portal. Sellers
et al. (1996), defined vegetation parameters composed of morpho-
logical, optical and physical properties. For each model grid with
one combination of land use type and soil type, the land surface
submodel is used to calculate turbulent fluxes between the atmo-
sphere and land surface independently (L. Wang et al., 2010b). The
8-day composite dynamic vegetation properties for the period of
study, LAI and FPAR, were obtained from Moderate Resolution
Imaging Spectroradiometer (MODIS) Terra Satellite at 1-km spatial
resolution, provided by the Earth Observation System Data Get-
away for the Aeronautics and Space Administration. LAI and FPAR
comprise of morphological, optical and physiological parameters
were utilized in WEB-DHM-S as described by Sellers et al. (1996).
3.3. Meteorological and discharge data

The surface meteorological datasets from 1983 to 2012 for air
temperature, precipitation, pressure, shortwave radiation, long-
wave radiation and humidity used in this study were developed
by Data Assimilation and Modeling Center for Tibetan Multi-
spheres, Institute of Tibetan Plateau Research, Chinese Academy
of Sciences at three hourly time steps by merging satellite data
and ground observed meteorological data (Yang et al., 2010;
Chen et al., 2011) (see Table 2). The data has a spatial resolution
of 0.1 degree and considering the basin is mountainous the issue
of quality becomes a big concern. The model had a preset 5 km res-
olution grid cells which are approximately a half of data spatial
resolution, therefore, data quality is not significantly compro-
mised. Spatial distribution of this data was determined by using
IDW. The institute also provided daily-observed discharge data
for the Lhasa hydrological station.
4. Results and discussion

4.1. Model evaluation

The comparison of monthly discharge between the simulated
by the model and the observed shows an adequate representation
of both peak and base flow with an NS of 0.78 and RE of �6.99%.
Validation of this result was done by extending set conditions to
the entire period from 1983 to 2012 which agreed fairly well, with
an NS of 0.63 and RE of �8.1% as shown in Fig. 4. To discuss the
quality of other model outputs, a validation of simulated soil mois-
ture was done from 2003 to 2008. The validation compares the
model simulated soil moisture and observed soil moisture data
provided by China Meteorological Administration (CMA). CMA
data were recorded after every 10 days except for frozen soil per-
iod. The soil was converted from mass percentage to volumetric
soil moisture and then aggregated to monthly values within
10 cm and 20 cm soil depth. More information about CMA soil
moisture data is given by Wang and Zeng (2011b). The validation
resulted into an MBE of 0.005 and RMSE of 0.057 for volumetric
10 cm soil moisture and MBE of �0.019 and RMSE of 0.055 for vol-
umetric 20 cm soil moisture as shown in Fig. 5. Soil moisture was
simulated by 5 km grid size data (average of soil moisture within
25 km2) while observed data was measured at a point, introducing
uncertainty in validation hence the differences observed in Fig. 5.
Similar trends are expected for groundwater level (validation was
not done due to unavailability of groundwater level data in the
basin) as hydrological processes are physically based processes.

4.2. Distribution pattern evaluation

Table 3 shows Weibull and log-generalized gamma dominated
precipitation distribution functions. For discharge, large extreme
values (LEV), normal, lognormal and log-generalized gamma were
best-fit distribution functions. Normal, Weibull, logistic and small
extreme values (SEV) were identified for surface soil moisture.
Root-zone soil moisture distribution patterns were represented
by LEV, Weibull and lognormal distributions. Normal and LEV were
the only distribution patterns used for groundwater level while log
generalized gamma, log-logistic Weibull, normal, lognormal and
zero-inflated lognormal distributions were the best-fit distribution
pattern for RSG. From the results, it is evident that all variables had
a more variable distribution pattern with no dominant best-fit dis-
tribution function. Thus, restricting all variables to one distribution
function would result in less accurate drought identification
results. Details of best-fit distribution functions can be found in
Meeker and Escobar (1998).

4.3. Temporal variability of parameters

Fig. 6 shows monthly SA variation, as well as 3-month moving
averages for seasonal variation and 12-month moving averages
for annual variation for all drought parameters. SA values of less
than �1 were observed in most parameters in the years of 1984,
1988, 1995, 1997, 2009 and 2010. Groundwater level SA showed
persistent drought conditions from 1992 to 1998, which experi-
enced the worst drought conditions in 1997 (A. Wang et al.,
2011). The possible reasons for the persistence have been eluci-
dated by Fan et al. (2005) including an increase in human activities,
over-exploitation of the groundwater as well as continuous low
precipitation caused the downward trend in the groundwater level
during this period. Although the period between 1992 and 1994
shows severe droughts in some parameters (for example ground-
water level), this period generally is shown to have experienced
mild drought conditions (SA between �1 and zero) in most param-
eters and therefore it is not considered among drought years. Inter-
estingly, in 1983, SA shows drought in precipitation and soil
moisture while other parameters observed mild to no drought con-
ditions. This could be attributed to low precipitation which
affected the upper layer of soil and had little effect on root-zone
soil and groundwater level as this layers are protected from direct
evaporation thus retaining water for a longer period, discharge was
supplemented by RSG and base flow hence staying drought free.
Monthly SA for observed precipitation and simulated RSG exhib-
ited sporadic variation due to high temporal changes in respective
amounts. Twelve-month moving averages in both showed little
variation, suggesting that there were no meteorological droughts
considering precipitation whereas use of RSG shows 2009 and
2010 droughts. The 3-month moving averages depicted drought
adequately for all parameters.

Drought occurrence in the listed years varied in severity across
different months. Therefore, selected years were evaluated to
determine months that were severely affected by the droughts
(Fig. 7). In 1984, extreme drought conditions were observed for soil
moisture in August, November and December, severe drought for
discharge and RSG in August while moderately dry conditions were
observed for precipitation and groundwater level in August and



Fig. 4. Simulated (WEB-DHM) and observed monthly discharges in Lhasa River basin during 1983–2012.

Fig. 5. Validation of simulated (WEB-DHM) soil moisture using observed soil
moisture for the station at (29�150N, 90�460E) for 2003–2008.
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September. From the analysis of all parameters during the year, the
month of August was the most severely affected by drought condi-
tions. In 1988, extreme drought conditions were observed for sur-
face soil moisture in the months of July, August and September.
Severe drought conditions affected the basin in April, May and July.
In addition, similar conditions were observed in September,
November and December for root-zone soil moisture while for dis-
charge it occurred in August and September. Moderate drought
conditions occurred for precipitation and RSG in September while
no drought conditions were observed for groundwater level. In
1995, there were no extreme drought conditions for any of the
parameters, but severe droughts were experienced in July for
RSG and in January, February March, April and May for groundwa-
ter level. Moderate drought conditions occurred in April for both
surface soil moisture and precipitation while for discharge it
occurred in January, February, March, April and May. Root-zone
soil moisture was drought-free except in April and July, which
experienced mild drought conditions. In 1997, all parameters
experienced moderate drought except for surface soil moisture.
Groundwater level experienced droughts in all months with the
months of May, June, July and August having severe droughts. In
2009, no drought conditions were observed for groundwater level.
Moderate drought conditions occurred in April and August for pre-
cipitation, April and June for RSG, April, May and June for dis-
charge, May for surface soil moisture and May, July and October
for root-zone soil moisture. In 2010, extreme droughts were
observed in June for discharge, precipitation and RSG parameters.
Moderate drought occurred in June for surface soil moisture and
in May and June for root-zone soil moisture. From the above anal-
ysis, months that were severely affected by droughts after consid-
eration of all parameters included August 1984, September 1988,
July1995, August 1997, June 2009 and June 2010.
4.4. Spatial drought variability in the Lhasa basin

Like many high altitude mountainous basins, the Lhasa river
basin is vulnerable to the impact of global warming due to the
presence of glaciers and snow and the sensitivity of the ecosystem
enhances the occurrence of extreme weather conditions and natu-
ral catastrophes (Akhtar et al., 2008). The impact of these changes
varies spatially over the basin (Beniston et al., 1996). There are pri-
mary and secondary effects that might result in spatial variations.
Primary effects include changes in air density, vapor pressure,
increased solar variation receipt, annual/diurnal temperature
range, cloud, precipitation distribution as a result of slope and
aspect and spatial contrast in solar radiation. Secondary effects
included changes in wind velocity, evaporation, snowline altitude,
snow proportion and snow cover related to topography.

Spatial analysis was performed for months identified in the
temporal analysis of droughts to have experienced the worst net
effects of droughts. Hotspot identification was achieved through
the spatial representation of SA for all variables involved in
droughts quantification as shown in Fig. 8. For droughts involving
more than one parameter (agricultural and hydrological droughts),
individual parameters’ SA were overlaid to determine drought hot-
spots which are important for identification and monitoring of
drought prone areas. Previously, cold region basins such as Lhasa
dryness and wetness were based on the precipitation index (SPI)
(Bothe et al., 2011; Bothe et al., 2012a, 2012b; Dash et al., 2006;
Shunjiu, 2008; Yan et al., 2010; Yu et al., 2014; Yuan et al., 2010;
Zhu et al., 2011). During the winter and early part of the spring,
precipitation received is in solid form and this water is not avail-
able for use until it melts later in late spring and in summer
(Immerzeel et al., 2009; Xu et al., 2009). In addition to snowmelt,
glacier melt contributes significantly to basin wetness during the
summer.



Fig. 6. Standardized anomaly index for monthly, 3-month and 12-month running averaged observed precipitation (a), and simulated RSG (b), groundwater level (c),
discharge (d), soil moisture at surface and root zone (e and f) for 1983–2012 for the Lhasa river basin. (Drought occurrence: 1984, 1988, 1995, 1997, 2009 and 2010.)
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Precipitation SA distribution patterns seem different from other
variables especially in 1988, 1995 and 2009. In 1984, the lower
reach of the basin experienced severe droughts in almost all vari-
ables, drought conditions were severe in precipitation and soil
moisture (agricultural drought). The middle reach of the basin
experienced extreme drought conditions in soil moisture, severe
drought conditions in groundwater level and discharge (hydrolog-
ical drought) as well as moderate conditions in precipitation and
RSG. The upper reach of the basin experienced mild to moderate
conditions in all parameters. In 1988, the middle reach of the basin
experienced severe drought conditions in soil moisture, groundwa-
ter level and discharge while moderate conditions were observed
for RSG. The basin’s upper reach observed moderate to severe
drought conditions whereas other parameters were largely
drought free. In 1995, the basin experienced the least drought con-
dition compared to other drought years. Most areas of the basin
were drought free, few areas experienced moderate to severe con-
ditions in soil moisture. Precipitation SA patterns were not consis-
tent with other parameters; this could be mainly due to the
significance of RSG contribution to drought on the basin as RSG
SA patterns are identical to those of other parameters. 1997 is an
interesting year as the basin observed similar drought patterns in
precipitation and RSG. The most likely reason for this could be a
combination of low precipitation which resulted into severe
droughts in precipitation and low temperatures which when cou-
pled with reduced snowfall (as a result of low precipitation) results
into reduced RSG thus leading to RSG drought. Discharge and
groundwater level drought conditions were spread all over the
basin whereas soil moisture drought affected the lower reach of
Lhasa River basin. The year 2009 and 2010 experienced similar
drought conditions as the middle reach of the basin was drought
free. Soil moisture drought was more severe compared to other
parameters. All parameters were combined by overlaying (sum-
ming SA based on spatial location) (Jaranilla-Sanchez et al., 2011)
all the indicators without weighing to highlight drought hotspots.
From the overlay, 1984 and 1997 were most drought affected years
in Lhasa River basin as no particular area was drought free from
analysis of all parameters. Finally, from the spatial distribution of
all parameters’ SA indices, the similarity in distribution of RSG SA
and hydrological drought (combined discharge and groundwater
level SA) points to RSG being a crucial indicator of basin dryness
in cold regions as opposed to precipitation.

4.5. RSG preference over precipitation

Droughts in cold basins have historically been based on precip-
itation received. This may be true for other regions that are snow-
and glacier-free, but may not be true for cold basins in which snow
and glacier melts are important regulators of seasonal discharge.
Fig. 9 clearly shows that a long-term average (over 30 years) of
RSG agreedwell with received discharge in the basin. Recorded pre-
cipitationwas substantially lower than discharge, implying that the
extra volume of water contributing to total discharge must have
been as a result of an additional source. The monthly mean peak
of discharge was observed in July, which corresponds to the
monthly mean peak of RSG as opposed to that of precipitation that
was recorded in the month of August which means SPI cannot be
relied upon in Long-term monitoring of hydrological drought in



Fig. 7. Standardized anomaly index for the basin average: observed Precipitation (a), and simulated RSG (b), groundwater level (c), discharge (d), soil moisture at surface, and
root zone (e and f) for drought years 1984, 1988, 1995, 1997, 2009 and 2010 at Lhasa outlet.
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cold basins. The peak month for RSG and discharge was the same as
themonth with the highest recorded temperatures, which supports
the argument that melting of snow and glaciers contributed signif-
icantly to total streamflow in the basin. During early spring, the
amount of precipitation received was mostly in the form of snow
and did not contribute to discharge; hence there was a negative dif-
ference between discharge and precipitation (Q-P) as shown in
Fig. 10. During early summer, the temperatures were high during
the day and dropped significantly during the night and as a result
melting occurred during the day to positively contribute to RSG
and then water refroze during the night before reaching the
streams, thus resulting in negative difference between discharge
and RSG (Q-RSG) as shown in Fig. 10. As temperatures continued
to increase, the discharge was fed more by snow and glacier melt,
hence increasing the peak discharge. During late summer, a positive
difference (Q-RSG) was observed, as melted water which was
accounted for during early summer melted and fed streams. Spatial
differences between RSG and precipitation S.A (RSG-P) shows a big
difference in 1984 when drought severely affected the basin, as
illustrated in Fig. 11. In August 1984, precipitation overestimated
drought conditions in most areas, which experienced extreme
droughts in excess of �2.0 (S.A), especially in the lower reaches of
the basin. In August 1997 overestimation was slight compared to
1984, with the slight over or underestimation being evenly spread
over the whole basin. In June 2009, underestimation of droughts
was observed with no area experiencing overestimation. The upper
reaches of the basin showed high underestimation in excess of
�2.0. The remaining drought years analyzed experienced small dif-
ference in most parts, which had minimal effects on the overall
meteorological droughts experienced in the basin. The difference
shown in Fig. 11 clearly shows the importance of snow and glacier
melt consideration in the analysis of droughts in cold regions. The
reliability of the precipitation index in the study of drought in such
regions is questionable, as it does not show an accurate picture of
water availability over the basin.
5. Concluding remarks

This study focused on drought analysis in a typical cold river
basin (Lhasa River Basin) from 1983 to 2012. Snow and glacier melt
and other variables necessary for drought analysis were
modeled using a WEB-DHM-S. Modeled RSG, soil moisture
(surface and root-zone), discharge and groundwater level are



Fig. 8. Spatial representation of the drought severity for August 1984, September 1988, July 1995, August 1997, June 2009 and June 2010 for precipitation drought,
agricultural drought (soil moisture), RSG drought, hydrological drought (discharge and groundwater level) and combined drought.

Fig. 9. 30-year monthly averages for observed precipitation (P), simulated rain
+ snow and glacier (RSG), observed discharge (Qobs), simulated discharge (Qsim),
and air temperature (Tair) to illustrate seasonal variability.

Fig. 10. The difference of discharge and precipitation comparing to the difference
between discharge and rain plus snow/glacier melts averaged over 1983–2012.
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useful counterparts to climate-based indices, especially in
glaciated mountainous cold basins (where getting ground
observed data is challenging) for long-term monitoring and sus-
tainable management of drought. Land surface processes govern
hydrological conditions in any particular basin thus modeled
hydrological variability has a direct relation to climate anomaly
as the process is physically based process (all variables have a
direct connection). Therefore, model calibration using discharge
data was done by adjusting saturated hydraulic conductivity for
surface soil, anisotropy ratio which relates hydraulic conductivity
in vertical and horizontal planes and maximum surface water stor-
age which account for all water from surface flow, subsurface flow
and base flow leading to streamflow, with good calibration results,
the model simulated results can be relied upon. In this study, the
results from soil moisture validation show consistent results to
those of discharge validation.
The study overcame the problem of only using gamma distribu-
tion (which has been a major issue in many studies) by considering
different distribution patterns to better represent parameters dom-
inated by zeros, extremely low values as well as extremely high
values and thus limiting errors resulting from the distribution
function. The resultant SA index can be used across all hydrological
and meteorological parameters involved in drought analysis as it
treats each month for each parameter involved individually by fit-
ting a distribution function and then normalizing to a unique
value. With this index, various drought comparison and/or combi-
nation based on an overlay of different droughts’ SA spatial maps
can be achieved, which is different from having different types of
indices for different droughts as is the case with many studies.
From the analysis, RSG SA distribution pattern agreement with
other parameters’ SA accept for precipitation reveals RSG can be
relied upon to analyze basin dryness as opposed to SPI. Overlaying
of all drought indicators revealed moderate to extremely severe
drought effects in all drought years (1984, 1988, 1995, 1997,
2009, and 2010). Of all drought years, 1984 and 1997 experienced



Fig. 11. Spatial analysis showing the difference between RSG SA index and Precipitation SA index for moderately dry to extremely severe drought in August 1984, September
1988, July 1995, August 1997, June 2009 and June 2012.

G.O. Makokha et al. / Journal of Hydrology 543 (2016) 782–795 793
worse drought conditions with almost all areas experiencing
extreme droughts.

Much research has been geared towards improving already-
existing indices and there is still much room to further improve
the representation of droughts especially in cold regions. In this
study, we used a simple glacier model by considering glaciers as
thick snow, which can be improved further by considering a more
complex physical process-based glacier model to describe relation-
ships between mass balance, ice dynamics and climate to improve
simulation of water from the glacier. Based on the fact that drought
indices only consider hydrological and meteorological parameters,
economic losses as a result of these droughts cannot be quantified
by only analyzing indices, as different areas with the same hydro-
logical and meteorological condition will have the same drought
conditions even if they have different populations that will directly
affect water demand. Therefore, there is a need to also incorporate
economic aspects in drought analysis. Different droughts were
combined by overlaying individual drought SA maps, the overlay-
ing process was not weighted as there is no formulated way on
how to combine various indicators and different parameters are
affected by drought differently, which is also subject to prevailing
conditions. For this study, overlaying of indicators was solely for
drought hotspot identification. More research is needed on how
best various droughts can be combined other than just overlaying.
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