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Short Communication

Drought dynamics on the Mongolian steppe, 1970–2006

Troy Sternberg,* David Thomas and Nick Middleton
School of Geography, Oxford University, Oxford, UK

ABSTRACT: Drought is an ongoing feature in Mongolia’s steppe environment, yet it remains poorly documented.
Awareness of drought conditions is important in the countryside because 50% of the rural population derive their livelihood
from climate-dependent pastoralism. In this study, precipitation records, 1970–2006, from five meteorological stations in
three steppe provinces were analysed using the Standard Precipitation Index to identify drought events at 1-, 3-, 5- and
17-month timescales. Results found that the probability of drought occurrence in the steppe was slightly less than expected
and that the occurrence, intensity and duration were site-specific characteristics. Additionally, its distribution was neither
spatially consistent nor uniform over time at different sites. The most serious drought, in terms of severity and duration,
was in progress in 2006 at the end of the study. Copyright  2010 Royal Meteorological Society
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1. Introduction

Droughts, regarded as a significant negative variation
from mean precipitation, are a recurrent feature in the
Mongolian steppe; their severity is affected by climate
variability in a region where precipitation volatility, ris-
ing temperatures and extreme events impact natural haz-
ards and influence pasture conditions (Intergovernmental
Panel on Climate Change, 2007; Nandintsetseg et al.,
2007; Davi et al., 2009). These factors contribute to
more frequent and persistent droughts in the region,
reflected in increased dry periods in China since the 1970s
and widespread droughts in recent decades in Mongolia
(Bordi et al., 2004; Li et al., 2007; Shinoda et al., 2007).
Although drought events are increasing in the Mongolian
steppe (Sasaki et al., 2009), they remain poorly described
despite the assertion put forward by Bohannan (2008, p.
567) that the grasslands are on the verge of ‘ecological
collapse’ due to climate change. As precipitation vari-
ability and drought frequencies are the key factors driving
livestock dynamics and human subsistence in this dryland
region, understanding of drought patterns is of particular
concern for Mongolia (Barfield, 1993; Li et al., 2007).

Awareness of drought patterns is of particular concern
in Mongolia, where it may accelerate pasture desertifi-
cation and threaten nomadic pastoralism – the dominant
rural livelihood (Bayarjargal et al., 2006; Johnson et al.,
2006). Livestock are raised outdoors in severe weather
conditions and are exposed to hazards including extreme
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winter conditions, drought, sand storms, high winds and
land cover change. Nandintsetseg et al. (2007) identified
marked warming in the country over the last 40 years
with a 1.8 °C temperature increase. Rising temperatures
and variable precipitation patterns and intensity are pro-
jected to increase climate unpredictability and extremes
(Davi et al., 2009). Such uncertainties make drought an
integral, though little understood or documented, natural
hazard in the steppe (FAO, 2006; Sasaki et al., 2009).

A consistent framework is essential for the study
of drought in Mongolia, with the main factors requir-
ing investigation being effective moisture levels because
these are impacted by precipitation and potential evapo-
transpiration (PET). However, in drylands, especially in
the developing world, data on PET are sparse. Investigat-
ing drought through precipitation data is therefore justi-
fied, both by practical considerations and because it is the
primary factor influencing meteorological drought in such
regions (Sonmez et al., 2005). For Inner Asia, drought
classification using available precipitation data is practi-
cal as well as robust, with such indices often outperform-
ing more complex hydrological indices (Guttman, 1999;
Keyantash and Dracup, 2002; Lloyd-Hughes and Saun-
ders, 2002). Of these, the Standard Precipitation Index
(SPI) has received much attention since its introduction
by McKee et al. (1993). Recommended as a simple and
objective measurement of meteorological drought, it has
been applied effectively to dryland settings in countries
on six continents, including Argentina, Australia, China,
India, Iran, Kenya, Mexico, South Africa, Spain, Turkey
and the United States (Hayes et al., 1999; Wu et al.,
2001; Seiler et al., 2002; Ntale and Gan, 2003; Rouault
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and Richard, 2003; Sonmez et al., 2005; Bhuiyan et al.,
2006; Vicente-Serrano and Cuadrat-Prats, 2006; Hallack-
Alegria and Watkins, 2007; Morid et al., 2007; Mpela-
soka et al., 2007).

Determining regional and local processes is key to
understanding the factors that make drought a major nat-
ural hazard in Mongolia. Event identification and aware-
ness of nature–human interactions can increase drought
knowledge and inform decision making at both the house-
hold and government level. Although indices based on
precipitation are available, drought assessment is lack-
ing in Mongolia. The goal of this study is to analyse
meteorological drought in Mongolia, identifying drought
onset, frequency, intensity, duration and dynamics at dif-
ferent timescales in a representative region of the steppe
grasslands.

2. Methods

2.1. Study area

Five meteorological stations reflecting the steppe to the
desert-steppe zone encompassing >50% of the country
were selected in south-central Mongolia. This region,
situated between the Hangai Mountains to the north
and the Gobi Desert to the south, consists of Dund-
govi, Ovorhangai and Omnogovi Provinces, covering
300 000 km2 (Figure 1, Table I). The terrain is comprised
of rolling gravel plains at an elevation of 1000–2000 m
a.s.l. (Hilbig, 1995). The area has a harsh continental
climate with distinct seasons and large daily and annual
temperature fluctuation. In Omnogovi, Ovorhangai and
Dundgovi, 49, 57 and 63% of the population, respec-
tively, are engaged in weather-dependent pastoral liveli-
hoods (Mongolian Statistical Yearbook, 2006).

Figure 1. Mongolia with meteorological station locations and surveyed
provinces.

Table I. Site characteristics.

Elevation Latitude Longitude Zone

Arvaheer 1813 46.25 102.76 Steppe
Bulgan 1400 44.11 103.55 Desert steppe
Dalanzadgad 1465 43.58 104.44 Desert steppe
Mandalgovi 1396 45.75 106.26 Desert steppe
Saixan Ovoo 1317 45.45 103.90 Steppe–Desert

steppe

2.2. Standard Precipitation Index

The SPI was developed to identify and monitor droughts
at multiple timescales with minimum data require-
ments – long-term (≥30 years) monthly precipitation
records (McKee et al., 1993). It assesses anomalous and
extreme precipitation by giving a numeric value to the
precipitation, enabling tracking and comparison of mete-
orological drought across areas with different climates.
The SPI is based on the probability of precipitation dis-
tribution at a given meteorological station for a selected
time period, and reflects the number of standard devi-
ations that an observed value deviates from the long-
term mean. To calculate the index, precipitation values
are transformed to follow a normal distribution. Calcula-
tion involves fitting a gamma probability distribution to
monthly time periods of interest. The resulting function
provides the cumulative probability for precipitation at a
specific station for a given month and period of interest.
In this way, drought initiation, intensity, frequency and
duration can be computed (Ntale and Gan, 2003; Rouault
and Richard, 2003; Mihajlovic, 2006).

The SPI’s direct approach has proved robust in com-
parison with other drought indices including the Palmer
Drought Severity Index, the Bhalme–Mooley and the
Rainfall Anomaly Index (Guttman, 1999; Keyantash and
Dracup, 2002). Cancelliere et al. (2007) identified the
advantages of SPI over other indices; these include sta-
tistical consistency, capacity to describe short- and long-
term drought and the ability to carry out drought risk anal-
ysis. Further benefits of the SPI are ease of computation,
requiring only precipitation data and index calculation at
different scales for the same time period (Bordi et al.,
2004). Being normally distributed, the index reflects
local aberrations rather than distinguishing drought-prone
regions. The straightforward requirements of the SPI
make it well suited to rural Mongolia where a lack of
long-term data availability (soil moisture, evapotranspi-
ration and recharge rates) inhibits drought quantification
(Klein Tank et al., 2006). However, the limited length of
available precipitation records in Mongolia restricts this
study to monitoring recent conditions; a longer record
would improve the reliability of SPI values (Wu et al.,
2005). A further problem in arid zones and in dry sea-
sons with marked seasonal precipitation distribution is
that relatively small rainfall anomalies may skew SPI
values; consequently in drylands duration of drought is
a more critical factor than its severity (Wu et al., 2007).
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Currently used in 60 countries (Wu et al., 2005), the SPI
has been applied to East Asia in China (Wu et al., 2001;
Bordi et al., 2004) and Korea (Mi et al., 2003), but is
new to Mongolia (Sternberg et al., 2009).

SPI values vary between 3 and −3 with the magnitude
of divergence from zero representing the probability of
drought occurrence (McKee et al., 1993). Positive values
indicate wet conditions and negative values signify dry
periods (Hayes et al., 1999). The SPI has been calibrated
in previous studies to map onto the beginning and
duration of a drought event. In this survey’s dryland
setting, we use SPI crossing the −1.0 level for drought
initiation and cessation: thus only months where SPI is
≤−1 are considered to be in drought (Wu et al., 2007).

The probability that an SPI value ≤−2.0 (extreme
drought) will occur over a 100-year time period is 2.3,
severe drought 4.3, mild drought 9.2, with a cumulative
drought probability of 15.9%. Droughts per 100 years for
different timescales at each location and drought intensity
class (Labedzki, 2007) were calculated as follows:

Ni,100 = Ni

i × n
× 100 (1)

where Ni,100 is the number of droughts for a timescale i

in 100 years; Ni is the number of months with droughts
for a timescale i in the n-year set; i is the timescale (1,
3, 5 and 17 months) and n is the number of years in the
data set (37).

2.3. Methods

Precipitation data for the period 1970–2006 were
obtained from the Mongolian Institute of Meteorology

Figure 2. Precipitation distribution in the growing season. This figure
is available in colour online at wileyonlinelibrary.com/journal/joc

and Hydrology. Precipitation data were examined, using
SPI software from the U.S. National Drought Miti-
gation Center (2006) for drought occurrence at four
timescales – 1, 3, 5 and 17 months – to identify spatial
and temporal drought dynamics at five meteorological
stations. Because of Mongolia’s short (90–130 frost-free
days) vegetation growth and intensive grazing season,
the SPI was calculated through the end of September to
monitor drought during the critical summer plant growth
season (Begzsuren et al., 2004; FAO, 2006). This season
matches the peak precipitation period because ≥80% of
precipitation falls between May and September (Figure 2)
(Hilbig, 1995). In this ecosystem, rainfall and the coeffi-
cient of variation (CV) data confirm substantial precipita-
tion variability over the study period, particularly in the
key summer months (Figure 3(a), Table II). Such high
precipitation variability implies a non-equilibrium envi-
ronment as noted in prior studies (Begzsuren et al., 2004;
Retzer and Reudenbach 2005; Munkhtsetseg et al., 2007).

Figure 3. (a) Annual number of days with precipitation by site, 1970–2006; (b) yearly precipitation (mm) at all sites, 1970–2006. This figure
is available in colour online at wileyonlinelibrary.com/journal/joc
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Drought and the annual number of days with precipita-
tion (Figure 3(b)) were compared to explore the strength
of the relationship. Temperature is important as the com-
bination of drought and extreme winter cold creates a
condition identified as dzud when due to heavy snow or
ice cover, livestock are unable to forage and thus starve
to death (Shinoda and Morinaga, 2005; Sternberg et al.,
2009). Additionally, Mongolia’s great winter–summer
temperature range of over 80 °C in the survey period
can create severe summer heat episodes and high evapo-
transpiration rates that impact pasture quality (Figure 4).
SPSS 14.0 (Chicago, IL, USA) was used for statistical
comparison.

3. Results

A concise drought record from 1970 to 2006 was estab-
lished across the Mongolian Gobi region using the SPI.
Results showed cyclical fluctuations with broadly wet-
ter conditions in the 1970s and 1990s, a notably drier
period in the 1980s and alternating wet–dry episodes in
the 2000s, with 2006 a particularly dry year. Drought
events had similarities, exemplified by patterns at the

Table II. Precipitation and CV records, 1970–2006.

Precipitation CV

Mean Minimum–Maximum Annual Summer

Arvaheer 231 119–378 27.3 60.1
Bulgan 122 57–261 35.0 87.8
Dalanzadgad 122 51–235 33.5 71.8
Mandalgovi 147 72–243 31.6 60.8
Saixan Ovoo 115 59–268 39.5 76.2

Figure 4. Average January and July and maximum/minimum tempera-
ture (°C) at each station, 1970–2006. This figure is available in colour

online at wileyonlinelibrary.com/journal/joc

5-month timescale, representing one growth season and
the 17-month timescale reflecting two growth seasons
(Figure 5). Episode rates varied within and between sites
and at different timescales. In general, drought measured
at the end of September was less prevalent than cumula-
tive probability would predict, with drought lowest at the
1-month timescale and highest at 17 months. Site drought
records fluctuated, with Arvaheer and Mandalgovi below
estimated probability at each measurement, and Dalan-
zadgad was in drought greater than expected at 5- and
17-month timescales. Severe droughts exceeded expected
frequency more often than at moderate or extreme levels.
Months in drought at each location and timescale and the
predicted number of droughts (Equation 1) for a 100-year
period are shown in Table III.

Nine extreme SPI 17-month drought events occurred
from 1970 to 2006 with 2005–2006 the driest period

Figure 5. SPI at 5 months (a) and 17 months (b) computed through September for five stations, 1970–2006.
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Table III. Months in drought, 1970–2006 (predicted number of
episodes over a 100-year period).

SPI Months in drought (% time in drought)

1 3 5 17

Arvaheer
Moderate 37 (8.3) 32 (7.2) 32 (7.2) 28 (6.3)
Severe 9 (2.0) 18 (4.0) 10 (2.2) 23 (5.1)
Extreme 3 (0.6) 9 (2.0) 12 (2.7) 14 (3.1)
Total 49 (11.0) 59 (13.3) 54 (12.2) 65 (14.6)

Bulgan
Moderate 36 (8.1) 32 (7.2) 45 (10.1) 37 (8.3)
Severe 16 (3.6) 23 (5.1) 18 (4.0) 23 (5.1)
Extreme 5 (1.1) 10 (2.2) 11 (2.5) 9 (2.0)
Total 57 (12.8) 65 (14.6) 74 (16.7) 69 (15.5)

Dalanzadgad
Moderate 19 (4.3) 31 (7.0) 48 (10.8) 48 (10.8)
Severe 17 (3.8) 19 (4.3) 19 (4.3) 18 (4.0)
Extreme 3 (0.6) 10 (2.2) 8 (1.8) 12 (2.7)
Total 39 (8.8) 60 (13.5) 75 (16.9) 78 (17.6)

Mandalgovi
Moderate 33 (7.4) 37 (8.3) 38 (8.6) 39 (8.8)
Severe 6 (1.4) 25 (5.6) 23 (5.1) 15 (3.4)
Extreme 4 (0.9) 4 (0.9) 7 (1.6) 15 (3.4)
Total 43 (9.7) 66 (14.8) 68 (15.3) 69 (15.5)

Saixan Ovoo
Moderate 25 (5.6) 49 (11.0) 42 (9.4) 47 (10.6)
Severe 9 (2.0) 23 (5.1) 10 (2.2) 22 (4.9)
Extreme 2 (0.4) 3 (0.6) 13 (2.9) 0 (0)
Total 36 (8.1) 72 (16.2) 65 (14.6) 69 (15.5)

on record (Table IV). The most serious in magnitude,
−3.75 (Arvaheer), and longest duration, 19+ months
(Mandalgovi), were ongoing at the end of the study
period. Arvaheer and Bulgan experienced more extreme
droughts, whereas Saixan Ovoo did not have extreme
events. At this timescale, there were no extreme events
from February 1990 to January 2002; only twice did
extreme droughts take place simultaneously at multiple
sites (1978 and 2005–2006). Examination of drought at
other timescales and intensity found that 1- and 3-month
droughts were short in duration, not exceeding 2 months
and 5 months, respectively, with the exception of longer
drought episodes in Arvaheer in 2006. At 5 months,
drought length did not exceed 9 months and the most
serious droughts were ongoing at all sites at the end of
the study. Further emphasizing the acute drought in 2006
was that all sites reached extreme drought status at the

Table IV. Extreme SPI 17-month drought events.

Station Extreme droughts, 17 months

Intensity Onset End Duration
peak months

Year Month Year Month

Arvaheer −3.75 2006 6 Ongoing – 7+
Mandalgovi −2.77 2005 6 Ongoing – 19+
Arvaheer −2.49 1978 12 1980 11 12
Bulgan −2.46 1978 12 1980 4 17
Dalanzadgad −2.44 2005 11 Ongoing – 14+
Arvaheer −2.4 2002 1 2003 6 18
Bulgan −2.2 1985 2 1985 12 11
Mandalgovi −2.09 1980 10 1981 11 14
Bulgan −2.04 1989 3 1990 1 11

5- or 17-month timescale during the year and all except
Bulgan were in drought at the year’s end.

At 1 month, SPI values were correlated across all
sites (Figure 1), but at the 5-month timescale only
Saixan Ovoo SPI values were significantly related to
the other sites, whereas Bulgan and Mandalgovi were
related to half of the sites (P = 0.05) (Table V). Patterns
emerged: centrally located Saixan Ovoo was correlated
with all other sites, whereas Mandalgovi appeared to fol-
low latitude-influenced relationships with Arvaheer and
Saixan Ovoo, and Bulgan’s relationships were proximal
to Dalanzadgad and Saixan Ovoo, the two nearest sites.
Arvaheer’s distribution was consistent with all but Bul-
gan, whereas Dalanzadgad was not correlated with Man-
dalgovi. Correlations increased at the 17-month timescale
with only Mandalgovi and Bulgan unrelated.

The magnitude and occurrence of drought events fluc-
tuated between meteorological stations and highlights
how drought varies both by the timescale measured at a
site and location within the region. Evaluation of differ-
ent drought timescales through September 2006 identified
Arvaheer experiencing drought at all periods (severe at
1 month, extreme at 3, 5 and 17 months), whereas Bulgan
was unaffected. At the same time, Mandalgovi encoun-
tered moderate (1-month), severe (5-month) and extreme
(17-month) droughts. Saixan Ovoo faced moderate (1-
and 17-month) drought, whereas Dalanzadgad had an
extreme (17-month) event. Examining drought coverage
through June, a key month for forage growth, at decadal
intervals found drought at one site in 1975, four sites in
1985, two sites in 1995 and four sites in 2005. Find-
ings stress that drought distribution was not spatially
consistent across sites nor were there uniform patterns

Table V. Between-site correlations at 1- and 5-month timescales with significant correlations in bold text (P = 0.05).

1-month SPI Arvaheer Bulgan Dalanzadgad Mandalgovi 5-month SPI Arvaheer Bulgan Dalanzadgad Mandalgovi

Bulgan 0.013 – – – Bulgan 0.124 – – –
Dalanzadgad 0.027 0 – – Dalanzadgad 0.030 0 – –
Mandalgovi 0.027 0 0 – Mandalgovi 0.001 0.179 0.063 –
Saixan Ovoo 0.002 0.002 0.001 0.001 Saixan Ovoo 0 0 0 0.026
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Table VI. 2006 Average SPI time series at all timescales.

Site Timescale

1 3 5 17

Arvaheer −1.53 −2.88 −3.12 −1.76
Bulgan −0.50 −0.53 −0.36 −0.32
Dalanzadgad −0.33 −0.48 −0.77 −2.15
Mandalgovi −0.48 −0.95 −1.33 −2.32
Saixan Ovoo −0.41 −0.80 −0.78 −0.91

Table VII. Significance of SPI values and number of days with
precipitation (P = 0.01, 0.05).

Site Days

3 6 12 24

Arvaheer 0.05 0.01 0.05 –
Bulgan 0.01 0.01 0.01 0.05
Dalanzadgad 0.05 0.01 0.01 –
Mandalgovi – 0.05 0.05 –
Saixan Ovoo 0.01 0.01 0.01 –

over time, and that within the same year drought identi-
fication and coverage were site and timescale dependent
(Table VI).

Comparing the number of days of precipitation per
year with SPI values through August found that at
3- and 5-month timescales there were significant rela-
tionships between the number of days of precipitation and
the drought level at most sites. Arvaheer also had correla-
tions at 1 and 17 months (Table VII). There was no link
in Mandalgovi. An evaluation of the relationship between
the number of days with precipitation and amount of pre-
cipitation per year found no association in Arvaheer and
Mandalgovi, but a significant relationship in Dalanzadgad
(P = 0.01), Bulgan and Saixan Ovoo (both P = 0.05).

4. Discussion

Drought, a regular feature in the Mongolian steppe and
desert-steppe landscape, varies in multiple ways: histor-
ically, at different timescales and intensities, in duration
and between sites within the region. There are several
implications for human populations and pastoral liveli-
hoods: unpredictability of pasture quality and resources,
the danger of drought exacerbating extreme winter (dzud )
conditions, climatic limitations on potential agricultural
production in the steppe zone and the ongoing threat to
livelihoods dependent on the natural environment for sus-
tenance and survival. This study establishes a drought
record applying SPI indices for south-central Mongo-
lia where knowledge of regional drought conditions is
essential information for herder decision making; similar
assessments could be undertaken throughout the country.
Beyond documenting historical patterns, such an index
can serve as a predictive tool for both the immediate

future, by identifying precipitation shortfalls at selected
timescales and generating drought probability perspec-
tives for the long term (Cancelliere et al., 2007).

Examining between-site data showed SPI values were
associated over the long term, particularly between
Saixan Ovoo (perhaps due to its central location) and
the other sites. However, drought episodes were site spe-
cific with intensity and duration reflecting local climate
anomalies; even concurrent dry conditions varied widely.
Although the meteorological stations assessed cover a
broad region, geographical variation was limited. This
may be due to stable steppe-zone weather patterns across
the area, its inland continental location and a lack of local
physical features, such as orography or bodies of water,
to influence climate.

Across the sites, longer timescales identified a greater
number and extent of droughts than events at shorter time
periods of more limited duration. It is essential to moni-
tor drought over different timescales for identification of
trends enabling them to be placed within a longer per-
spective. To examine drought only at short timescales
would miss broader implications clarifying whether a
drought was an isolated event or part of an ongoing dry
episode.

Results highlighted the topicality of current drought
research with the most extreme (Arvaheer) and longest
(Mandalgovi) droughts in progress at the survey’s end
in increasing frequencies and severity of drought over
the 1970–2006 record. The year 2006 suggests greater
climate variability today than previous periods of the
examined record. Further expanded research could iden-
tify national patterns and strengthen interpretation of how
a warming climate may further impact the Mongolian
environment (Nandintsetseg et al., 2007).

In this study, two causal factors stand out – great inter-
annual precipitation variability, more than a factor of 3
at each site, and a high rainfall CV, especially in the key
summer plant growth season (Bohannon, 2008). Thus,
climatic unpredictability dominates not only annual pre-
cipitation totals but also monthly patterns. The ocillating
nature of the rainfall graph line (Figure 2) highlights the
dependence and susceptibility of the region to a volatile
climate system. This study shows that diligent tracking
of rainfall impact through an index such as the SPI can
be an effective, low-cost management tool to provide
up-to-date information that could improve pastoralists’
assessment and decision making as regards migration
patterns, potential need for fodder, herd numbers and
composition and livestock off-take. If the government
promoted further studies, it would lead to an increase
in drought understanding and an improvement in policy
and planning for drought as well as hazard preparedness
and mitigation and relief efforts.

5. Conclusion

Drought, though normal in the Mongolian steppe,
becomes socially and economically disruptive as impact
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spreads beyond physical systems (Sonmez et al., 2005).
Continued fluctuations in precipitation, its amount, timing
and magnitude, coupled with temperature increases due
to global weather trends create an environment where
variability and extreme events conspire to affect drought
occurrence in Mongolia (Gong and Wang, 2000; Tebaldi
et al., 2006). In the steppe, recurring drought events
and the implied randomness of weather factors in this
non-equilibrium ecosystem challenge climate-dependent
pastoral livelihoods, a major concern where potential mit-
igating forces, such as government support, access to
emergency fodder and transport, are limited (Fernandez-
Gimenez, 1999). Documentation and up-to-date assess-
ment of drought are important for pasture management,
herder livelihoods and livestock productivity practiced in
Mongolia’s highly variable environment.

Acknowledgements

The authors would like to thank the Royal Geographi-
cal Society Slawson Fellowship 2006-2007 for funding
and Dr Renchin Tsolmon of the Mongolian National Uni-
versity and the Mongolian Institute of Hydrology and
Meteorology for their assistance.

References

Barfield T. 1993. The Nomadic Alternative. Prentice Hall: New Jersey.
Bayarjargal Y, Karnieli A, Bayasgalan M, Khudulmur S, Gandush C,

Tucker C. 2006. A comparative study of NOAA-AVHRR derived
drought indices using change vector analysis. Remote Sensing of
Environment 105: 9–22, DOI: 10.1016/j.rse.2006.06.003.

Begzsuren S, Ellis J, Ojima D, Coughenour M, Chuluun T. 2004.
Livestock responses to droughts and severe winter weather in the
Gobi Three Beauties National Park, Mongolia. Journal of Arid
Environments 59: 785–796, DOI: 10.1016/j.jaridenv.2004.02.001.

Bhuiyan C, Singh R, Kogan F. 2006. Monitoring drought dynamics
in the Aravalli region (India) using different drought indices
based on ground and remote sensing data. International Journal of
Applied Earth Observation and Geoinformation 8: 289–302, DOI:
10.1016/j.jag.2006.03.002.

Bohannan J. 2008. The big thaw reaches Mongolia’s pristine north.
Science 319: 567–568.

Bordi I, Fraedrich K, Jiang J, Sutera A. 2004. Spatio-temporal
variability of dry and wet periods in eastern China. Theoretical and
Applied Climatology 79: 81–91, DOI: 10.1007/s00704-004-0053-8.

Cancelliere A, Di Mauro G, Bonaccorso B, Rossi G. 2007. Drought
forecasting using the standardized precipitation index. Water
Resource Management 21: 801–819, DOI: 10.1007/s11269-006-
9062-y.

Davi N, Jacoby G, D’Arrigo R, Baatarbileg N, Jinbao L, Curtis A.
2009. A tree-ring based drought index reconstruction for far-western
Mongolia: 1565–2004. Journal of Climatology 29: 1508–1514, DOI:
10.1002/joc.1798.

FAO (Food and Agricultre Organization)p. 2006. Country Pas-
ture/Forage Resource Profiles – Mongolia. From: Fao.org/ag/AGP/
AGPC/doc/Counprof/Mongol2.htm (Accessed 27 January 2008).

Fernandez-Gimenez M. 1999. Sustaining the steppes: a geographical
history of pastoral land use in Mongolia. The Geographical Review
89: 315–342.

Gong D, Wang S. 2000. Severe summer rainfall in China associated
with enhanced global warming. Climatic Research 16: 51–59.

Guttman N. 1999. Accepting the standardized precipitation index:
a calculation algorithm. Journal of American Water Resources
Association 35: 311–322.

Hallack-Alegria M, Watkins D Jr. 2007. Annual and warm season
drought intensity–duration–frequency analysis for Sonora, Mexico.
Journal of Climate 20(9): 1897–1909.

Hayes M, Svoboda M, Wilhite D, Vanyarkho O. 1999. Monitoring the
1996 drought using the standardized precipitation index. Bulletin of
the American Meteorology Society 80(3): 429–438.

Hilbeg W. 1995. The Vegetation of Mongolia. SPB Academic
Publishing: Amsterdam.

Intergovernmental Panel on Climate Change. 2007. Contribution
of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University
Press: Cambridge, UK, 469–506.

Johnson D, Sheehy D, Miller D, Damiran D. 2006. Mongolian
rangelands in transition. Secheresse 17: 133–141.

Keyantash J, Dracup J. 2002. The quantification of drought:
an evaluation of drought indices. Bulletin of the American
Meteorological Society 83: 1167–1180, DOI: 10.1175/1520-
0477(2002)083.

Klein Tank A, Peterson T, Quadir D, Dorji S, Zou X, Tang H,
Santhosh K, Joshi U, Jaswal A, Kolli R, Sikder A, Deshpande N,
Revedekar J, Yeleuova K, Vandasheve S, Faleyeva M, Gombluudev
P, Budhathoki K, Hussain A, Afzaal M, Chandrapala L, Anvar H,
Amanmurad D, Asanova V, Jones P, New M, Spektorman T. 2006.
Changes in daily temperature and precipitation extremes in central
and south Asia. Journal of Geophysical Research 111: 1–8, DOI:
10.1029/2005JD006316.

Labedzki L. 2007. Estimation of local drought frequency in central
Poland using the standardized precipitation index SPI. Irrigation and
Drainage 56: 67–77, DOI: 10.1002/ird.285.

Li J, Chen F, Cook E, Gou X, Zhang Y. 2007. Drought reconstruction
for north central China from tree rings: the value of the Palmer
drought severity index. International Journal of Climatology 27:
903–909.

Lloyd-Hughes B, Saunders M. 2002. A drought climatology for
Europe. International Journal of Climatology 22: 1571–1592, DOI:
10.1002/joc.846.

McKee T, Doeskan N, Kleist J. 1993. The relationship of drought
frequency and duration to time scales. Eighth Conference on Applied
Climatology, American Meteorological Association, Anaheim, CA,
179–184.

Mi S, Kwon W, Park E, Choi Y. 2003. Spatial and temporal
comparisons of droughts over Korea with East Asia. International
Journal of Climatology 23: 223–233.

Mihajlovic D. 2006. Monitoring the 2003–2004 meteorological
drought over Pannonian part of Croatia. International Journal of
Climatology 26: 2213–2225, DOI: 10.1002/joc.1366.

Mongolian Statistical Yearbook. 2006. National Statistical Office of
Mongolia, Ulaan Baatar.

Morid S, Smakhtin V, Moghaddasi M. 2006. Comparison of seven
meteorological indices for drought monitoring in Iran. International
Journal of Climatology 26: 971–985, DOI: 10.1002/joc.1264.

Mpelasoka F, Hennessy K, Jones R, Bates B. 2007. Comparison
of suitable drought indices for climate change impacts assessment
over Australia towards resource management. International Journal
of Climatology 28: 1283–1292, DOI: 10.1002/joc.1649, DOI:
10.1002/joc.1649.

Munkhtsetseg E, Kimura R, Wang J, Shinoda M. 2007. Pas-
ture yield response to precipitation and high temperature in
Mongolia. Journal of Arid Environments 70: 94–110, DOI:
10.1016/j.jaridenv.2006.11.013.

Nandintsetseg B, Greene J, Goulden C. 2007. Trends in extreme daily
precipitation and temperature near Lake Hovsgol, Mongolia. Interna-
tional Journal of Climatology 27: 341–347, DOI: 10.1002/joc.1404.

Ntale H, Gan T. 2003. Drought indices and their application to East
Africa. International Journal of Climatology 23: 1335–1357, DOI:
10.1002/joc.931.

Retzer V, Reudenbach C. 2005. Modelling the carrying capacity and
coexistence of pika and livestock in the mountain steppe of the
south Gobi, Mongolia. Ecological Modelling 189: 89–104, DOI:
10.1016/j.ecolmodel.2005.03.003.

Rouault M, Richard Y. 2003. Intensity and spatial extension of drought
in South Africa at different time scales. Water South Africa 29:
489–500.

Sasaki T, Okubo S, Okayasu T, Jamsran U, Ohkuro T. 2009. Two-
phase functional redundancy in plant communities along a grazing
gradient in Mongolian rangelands. Ecology 90: 2598–2608, DOI:
10.1890/08-1850.1.

Seiler R, Hayes M, Bressani L. 2002. Using the standardized
precipitation index for flood risk monitoring. International Journal
of Climatology 22: 1365–1376, DOI: 10.1002/joc.799.

Copyright  2010 Royal Meteorological Society Int. J. Climatol. 31: 1823–1830 (2011)



1830 T. STERNBERG et al.

Shinoda M, Morinaga Y. 2005. Developing a combined drought-dzud
early warning system in Mongolia. Geographical Review of Japan
78: 928–950.

Shinoda M, Ito S, Nachinshonhor G, Erdenetsetseg D. 2007.
Phenology of Mongolian grasslands and moisture conditions.
Journal of the Meteorological Society of Japan 85: 359–367, DOI:
10.2151/jmsj.85.359.

Sonmez K, Komuscu A, Erkhan A, Turgu E. 2005. An analysis
of spatial and temporal dimension of drought vulnerability in
Turkey using the standard precipitation index. Natural Hazards 35:
243–264, DOI: 10.1007/s11069-004-5704-7.

Sternberg T, Middleton N, Thomas D. 2009. Pressurized pastoralism
in South Gobi Province, Mongolia: what is the role of
drought? Transactions of British Geographers 34: 364–377, DOI:
10.1111/j.1475–5661.2009.00348.x.

Tebaldi C, Hayhoe K, Arblaster J, Meehl G. 2006. Going to the
extremes: an intercomparison of model-simulated historical and
future changes in extreme events. Climatic Change 79: 185–211,
DOI: 10.1007/s10584-006-9051-4.

U.S. National Drought Mitigation Center. 2006. From: http://www.
drought.unl.edu/ (Accessed 15 January 2008).

Vicente-Serrano S, Cuadrat-Prats J. 2006. Trends in drought
intensity and variability in the middle Ebro valley (NE of
the Iberian peninsula) during the second half of the twentieth
century. Theoretical and Applied Climatology 88: 247–258, DOI:
10.1007/s00704-006-0236-6.

Wu H, Hayes M, Weiss A, Hu Q. 2001. An evaluation of
the standardized precipitation index, the China-Z index, and
the statistical Z-score. International Journal of Climatology 21:
745–758, DOI: 10.1002/joc.658.

Wu H, Hayes M, Wilhite D, Svoboda M. 2005. The effect of
the length of record on the standardized precipitation index
calculation. International Journal of Climatology 25: 505–525, DOI:
10.1002/joc.1142.

Wu H, Svoboda M, Hayes M, Wilhite D, Wen F. 2007. Appropriate
application of the standardized precipitation index in arid locations
and dry seasons. International Journal of Climatology 27: 65–79,
DOI: 10.1002/joc.1371.

Copyright  2010 Royal Meteorological Society Int. J. Climatol. 31: 1823–1830 (2011)


