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ABSTRACT OF DISSERTATION

LONG-TERM ANALYSIS AND APPROPRIATE METRICS OF

CLIMATE CHANGE IN MONGOLIA

This study addresses three important issues related to long-term climate
change study in Mongolia. Mongolia is one of the biggest land-locked countries in
Asia and 75-80 percent of the land is rangeland, which is highly vulnerable to climate
change. Climate will affect many sectors critical to the country’s economic, social,
and ecological welfare. Therefore, it is regionally and globally important to evaluate
climate change in Mongolia.

Chapter 1 discusses the qualitative and descriptive study on exposure
characteristics of the 17 Mongolian meteorological stations, which are part of the
Global Climate Observing Network (GCON). The global average temperature
anomalies are based in part on the GCON stations” meteorological data. To document the
possible exposures surrounding the weather stations, the Mongolian meteorological
stations were surveyed during July-August 2005. From the total 17 stations, 47 percent
were determined strongly influenced by urban character landscape, 41 percent received
some anthropogenic influences, and 12 percent had very little to no anthropogenic
influences. Even though the Mongolian meteorological stations’ exposure characteristics
are better than the European and North American stations’ the strict adherence in

following WMO guidelines is important and urgently needed.



Chapter 2 evaluates the long-term (1961-2005) trends in seasonal and annual
surface mean, maximum, minimum temperatures and precipitation. Furthermore, this
study compares the long-term mean temperature trends with decadal (1998-2007) trends.
This chapter also discusses the extreme climate indices on spatial and temporal scales.
According to the results, the long-term linear temperature trends show a clear increasing
trend whereas the decadal trends show the decreasing trend mostly in winter and spring.
The analysis of extreme indices (1961-2001) indicate that most of the stations frost and
icing days are decreased and summer days, tropical nights, monthly maximum value of
daily minimum, maximum temperatures and growing season length are increased.
Precipitation indices varied substantially and there were no unified temporal and spatial
pattern. In addition to that, | am suggesting effective temperature as an appropriate metric
to evaluate surface heat change because it counts not only air temperature but also surface
humidity.

Chapter 3 discusses a case study of grazing intensity on surface energy
budgets. To evaluate the land atmospheric interactions over the grassland area
depending on the different grazing intensity | conducted the case study over the
Shortgrass Steppe Long-Term Ecological Research site on Northern Great Plains of US
to imply the findings in semiarid shortgrass steppe of Mongolia. The study site has much
of similarities with Mongolian shortgrass steppe and has more frequent, high quality data.
This study evaluates the impact of grazing on microclimate and energy budgets in a dry
(163 mm) and two near-normal (262 and 260 mm) precipitation years based on
continuously measured 20 minute interval data. This study helps to describe surface

energy partitioning in semi-arid grasslands that has long history of grazing. The main



finding of the study is grazing has a potential impact on the energy partitioning under

conditions of higher water availability, but not during dry conditions.

Khishigbayar Jamiyansharav
Graduate Degree Program in Ecology
Colorado State University

Fort Collins, CO 80523

Spring 2010
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INTRODUCTION
Mongolia is one of the largest land-locked countries of Asia and the capital city

Ulaanbaatar is the coldest capital city in the world (Batima, 2003). Mongolia is located in
central Asia sandwiched between Russia and China, covering 1.56 million square km
with an average altitude of 1580 m. Rangelands in Mongolia cover 75-80 percent of the
total territory (Erdentuya and Khudulmur 2005, Fernandez-Gimenez and Allen-Diaz
1999). “A significant portion of rangeland in Mongolia can be considered one of the
“virgin” steppe landscapes in the world” (Zamba 2007). These areas are important to the
Mongolian animal husbandry industry, a key economic resource, which directly depends
on the vegetation and climate conditions. Range conditions within the last several years
have degraded rapidly because of extreme weather events (drought and blizzards), an
increasing livestock population and greater concentration of people, especially around
urban areas during the transition period to the free market economy. Therefore, to
monitor the long-term change and trends for climate features are very important to
examine the climate changes in local individual sites as well as their influence on the
regional climate.
Specific objectives of this study are to:

e Evaluate exposure characteristics of the Mongolian meteorological stations to

check if they comply to World Meteorological Organization (WMO) standards
e Document photographically meteorological stations exposure characteristics
e Determine the long-term (1961-2004) as well as the short-term (1998-2007)

trends in seasonal and annual surface temperatures across Mongolia



Analyze the extreme climate indices for chosen stations and compare the surface
trends with the upper air temperature trends

Determine if present surface air temperature data over- or under-estimate surface
heating in Mongolia

Conduct a case study on surface energy flux partitioning over the northern
semiarid shortgrass steppe of US to imply the findings in semiarid shortgrass
steppe of Mongolia

Address how variation in aboveground biomass affects surface energy budgets,
soil and air temperatures

Hypotheses:

Mongolia has big open lands and density of the population is very low
comparison to other Asian, European and American countries therefore, the
meteorological stations would have better exposure characteristics.

Country side meteorological stations should have better exposure characteristics
than the crowded city stations.

There is a greater warming trend in winter than in summer months because of
transpiration of vegetation and monsoonal precipitation during the summer.

The climate indices would indicate temperature increase associated with global
warming.

Temperature increase may not indicate the surface heat increase especially during
the summer when the humidity increases.

In semi-arid grasslands, the main affect of rainfall events on the energy balance is

to increase the ratio of latent to sensible heat fluxes for a brief period, seldom



exceeding five days. This effect is expected to be more pronounced with increases

in leaf area, and consequently, greatest in the ungrazed pasture.

e Since green biomass declines with increasing grazing intensity, heavily grazed
pastures will have higher sensible and lower latent heat fluxes compared to
moderately and ungrazed pastures.

The global average temperature anomalies are based on the Global Climate
Observing Network (GCON) stations’ data. According to the WMO guidelines,
meteorological observing stations should be chosen to minimize the effects of their
surroundings such as trees, buildings, and other obstructions by at least a 100 m radius
(WMO, 1996). Unfortunately, it is difficult to find historical information about the
meteorological observing stations’ site exposure characteristics, to insure the reliability of
the data. Therefore, to contribute to documenting the GCON meteorological observing
stations’ exposure characteristics, fieldwork was conducted in Mongolia between July-
August 2005 within this dissertation framework. Chapter 1 will document and discuss the
results of the fieldwork.

Mongolian climate is characterized by distinctive cold, long winter with short
mild summer. Distance from the seas and considerable elevation above sea level
contributes to the very dry and continental climate. Furthermore, the climate is very harsh
with large seasonal (up to 90°C) and daily (up to 30°C) temperature fluctuations, and dust
storms, drought and “zud” (harsh winter conditions with heavy snowfalls) are common.
The coldest month is January with —20°C average temperature. Typically, in some
regions, especially in the northern part of Mongolia, the temperature drops to less than

negative 40°C. The hottest month is July with 18°C average temperature. Sometimes in



the Gobi Desert temperature reaches 40°C. Mongolia is the land of winds, especially
sharp winds that blow in the spring. In the Gobi and steppe areas, winds often develop
into devastating storms reaching velocities of 15 to 25 ms™. The mean annual
precipitation is 200 to 300 mm (8-12") of which 70 percent falls within the three summer
months from June to August (Hilbig, 1995). The total amount of precipitation is rather
low and decreases from 400 mm per year at the Khangai, Khovsgol, and Khentii
mountains to 25 mm per year or less in the Gobi Desert (Zamba, 2007, Erdenetuya and
Khudulmur, 2005, and Gunin et al., 1999). The chapter 2 will address the trends and
patterns in the Mongolian long-term (1961-2004) versus short-term (1998-2007) climate
features and compares European Centre for Medium-Range Weather Forecasts
(ECMWEF), National Center for Environmental Prediction (NCEP) model data and
discusses the climate extreme indices and appropriate metrics.

Chapter 3 will discuss the case study that took place at the Shortgrass Steppe
Long-Term Ecological Research (SGS-LTER) site US to imply the findings in semiarid
grassland of Mongolia. The study site is located at the northern limit of the semi-arid
shortgrass steppe grassland on the western edge of the North American Great Plains used
extensively for livestock grazing. The study site has much of similarities with Mongolian
shortgrass steppe and has more frequent, high quality data. This study evaluates the
impact of grazing on microclimate and energy budgets at SGS-LTER site in a dry (163
mm) and two near-normal (262 and 260 mm) precipitation years based on continuously
measured 20 minute interval data to describe surface energy partitioning in semi-arid

grasslands that has long history of grazing.
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ABSTRACT

The global average temperature anomalies are based in part on the Global Climate
Observing Network (GCON) stations’ data. To document the possible exposures
surrounding the weather stations, the Mongolian GCON stations are visited during July-
August 2005. Mongolia is a large continental region of Asia at the junction of the
Siberian taiga forests, Dahurian steppes, and Gobi Desert. According to the World
Meteorological Organizations (WMO) guidelines, meteorological observing stations
should be chosen to minimize the effects of their surroundings such as trees, buildings,
and other obstructions by at least a 100 m radius. However, in the documental photo
survey, some of the GCON stations did not meet the WMO standards. Therefore, the
reliability of the data from these stations should be assessed and used carefully in surface
temperature trend assessments. Following the WMO guidelines for GCON sites should

be a priority.



I. INTRODUCTION

To insure uniform publication of observations and statistics, the WMO published
technical regulations supplemented by a number of guides and manuals to be followed by
the Member countries of the Organization. According to this guide, meteorological
stations proposed to be representative of an area in accordance with its application. For
example, to define in meso and larger scales, synoptic observations typically represent an
area up to 100 km around the station, and for local applications, the area might be up to
10 km (WMO, 1996). Meteorological observing stations should be chosen to minimize
the effects of the surrounding area, such as trees, buildings, walls, and other obstructions,
and should not be placed in steeply sloping ground or in a hollow (WMO, 1996).

Acknowledging these guidelines, the following questions are posed:

» Do the GCON meteorological observing stations meet these guidelines?

* Are their data free from microclimate exposure and reliable for a long-term climate
change study?

» Do we have historical information about the changes in the station instruments and their
movements, which might influence homogeneity of data from the stations?

It is difficult to find historical information due to the lack of historical
documentation about the meteorological observing stations’ site exposure. Therefore, to
document one of the GCON region’s microclimate exposure characteristics, the field
work was conducted in Mongolia between July-August 2005. Similar studies took place
in eastern Colorado (Davey and Pielke Sr., 2005, Hanamean et al., 2003) but no other
similar work has been done for Mongolia. Within the frame of this field study, 17 stations

in 17 different province centers (Fig. 1.1), including the Mongolian capital city,



Ulaanbaatar, were visited, concentrating on nine GCON sites. Name, location, GPS
position, and altitude of each station were recorded in a meteorological stations’ basic
data table (Table 1.1). These sites are located in different natural zones including steppe,
and forest-steppe to desert area (Dorjgotov et al., 2004). The majority of them are located
in a residential area close to buildings and household fences. Unfortunately, the minority
of the visited stations met WMO site exposure guidelines.

All the meteorological instruments are surrounded by an iron net fence with 25 x
25 x 1.5 m dimensions, preventing outside influences such as animals and different
human activities. On the other hand, the fence itself affects vegetation cover and causes
vegetation cover differences inside and outside the fence. For example, vegetation inside
the fence was taller than outside and also vegetation community types were different at
the Uliastai, Bulgan, and Ondorkhaan stations (Fig. 1.2).

Most of the stations are equipped with old, Russian instruments and there were no
extra supplies or reserved instruments in case of any damage. Most of the sites are
equipped with an automatic weather station (made in Japan: R28 (121) and Finland:
Vaisala) in 2004 and collecting parallel measurements except one in Uliastai was
inoperable at the time of the visit (July 2004) due to a broken data-logger. The
Mandalgovi, Altai, and Ondorkhaan stations did not have automatic stations yet. Some of
the stations, founded before the 1950s were operated by Russian specialists (e.g., the
Ulaangom station was operated by Russian specialists until 1966). Three of the stations
were moved from their primary position (Ondorkhaan, Uliastai, and Ulaangom), and two
of them were moved twice (Ulaanbaatar and Choibalsan).

1. METHODS



2.1 Study site

Mongolia is located in the central part of Asia between 41°35"-52°06" N latitude
and 87°47"- 119°57" E longitude, neighboring Russia in the north and China in the south.
Mongolia is the 17th largest country in the world by size of territory, which is 1.56
million square km with an average altitude of 1580 m above sea level (NSOM, 2003).
Mongolia is completely land-locked and geographically characterized by an ultra-
continental climate. The Mongolian territory was lifted to a relatively high altitude above
the sea level. Eighty-one percent of Mongolia is situated above 1000 m and 50 percent is
higher than 1500 m (Erdenetuya and Khudulmur, 2005). The most of the highlands
consist of mountainous areas with gentle to steep slopes, which are mostly in the western,
northern, and southwestern part of Mongolia. As a whole, the territory of Mongolia is
characterized by great diversity and a particularly complex spatial structure of soil and
vegetation cover.

The climate of Mongolia is dry and continental. Distance from the seas and
considerable elevation above sea level contributes to the very dry and continental climate.
Furthermore, the climate is very harsh with large seasonal (up to 90°C) and daily (up to
30°C) temperature fluctuations, and dust storms, drought and *“zud” (harsh winter
conditions with heavy snowfalls) are common. The coldest month is January with —20°C
average temperature. Typically, in some regions, especially in the northern part of
Mongolia, the temperature drops to less than —40°C. The hottest month is July with 18°C
average temperature. Sometimes in the Gobi Desert temperature reaches 40°C.

Mongolia is the land of winds, especially sharp winds that blow in the spring. In

the Gobi and steppe areas, winds often develop into devastating storms reaching



velocities of 15 to 25 ms™. The Mongolian capital city, Ulaanbaatar, is the coldest capital
in the world (Batima, 2003). According to the long-term data (1969-2004) from the
Mongolian Institute of Meteorology and Hydrology, the average annual mean
temperature is —0.9°C.

A characteristic feature for Mongolia is the combination of low relative humidity
values with considerably low winter temperatures. The mean annual precipitation is 200
to 300 mm (8-12") of which 70 percent falls within the three summer months from June
to August (Hilbig, 1995). The total amount of precipitation is rather low and decreases
from 400 mm per year at the Khangai, Khovsgol, and Khentii mountains to 25 mm per
year or less in the Gobi Desert (Zamba, 2007, Erdenetuya and Khudulmur, 2005, and
Gunin et al., 1999). Mongolia is located between the southern edge of eternal glaciers and
northernmost boundaries of deserts. The geographical location and severe continental
climate create two different processes, aridization (desertification) and very low
temperatures (cryogenesis) that strongly affect the distribution, structure, and dynamics
of vegetation cover. The prevailing soils are light loams and loamy sands, mainly not
salinized, with considerable amounts of rock detritus and pebbles. Due to the high
vulnerability of arid and semi-arid regions, even relatively weak human impacts can
seriously damage the natural ecological balance and trigger processes of progressive
degradation and desertification (Gunin et al., 1999). On the other hand, long-term climate
change in semiarid lands is expected to have important implications for the nomadic
people’s life in Mongolia. Mongolian pastoral systems are very vulnerable to climate
variability and its extreme events such as zud (very cold winter with heavy snow and

snowstorms) and drought. Early growing season precipitation is the major determinant of
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the vegetation cover and thus sustainability of the pastoral systems in Mongolia (Chuluun
and Ojima, 2002).

2.2 Research Approach

Most of the stations were surveyed in July 2005. At each site the center point was
chosen as the middle point of the station’s north side fence. At the center point, the
latitude and longitude coordinates were measured using the Garmin Plus Il unit and
compared with the station data. Next, site surroundings from the center point were
described using visible estimates of distances and heights of each object, within a radius
of 100 m. Site exposure description worksheets similar to a B-44 form were completed
according to the observation for each site. Finally, photos were taken to document each
site and show the four cardinal directions of the exposure characteristics from the center
point. If necessary, additional photos were taken to depict close objects more clearly and
also to show a panoramic view of the station’s surroundings.

Each station’s mean wind speed, direction, and frequency (shown at the east and
west bottom of the each stations’ figure) were plotted using Wind Rose Plots for
Meteorological Data Version 5.0.1 (The’ et al., 2005) based on hourly data for the last 15
years (1990-2004) obtained from the National Climatic Data Center (NCDC, 2005). Each
station’s location (shown at the right upper corner of each stations’ figure) and digital
elevation maps of the country were created using ArcGI1S9.0.

The sites were classified into three types as described by Hanamean et al. (2003):
Pristine, Pristine—Rural and Rural-Urban. Pristine sites are considered to have little or no

anthropogenic influences. Pristine—Rural sites have some anthropogenic influence though
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surrounded by pristine class landscape. Rural-Urban sites are heavily influenced by
vegetation though widely surrounded by urban character.

I1l. RESULTS

3.1 GCON sites in residential areas

3.1.1 Rural-Urban sites

The Khovd station (Fig. 1.3) in the Khovd province is located in the middle of a
residential area and surrounded by concrete walls (about 1.5 m high) from the south (S),
west (W), and north (N) sides at about 10-30 m distances. In 1982, walls were built on
the southeast side of the station by the military. The household fence was built in 1999
inside the wall on the northeastern corner at about 30 m distance. The meteorological
station’s office building, built in 1983, is on the east side at about 100 m distance. There
are mountains on the north and south side at about 6-7 km, and on the west side at about
8-10 km.

The Moron station in the Khovsgol province is also located in the middle of a
residential area in a valley of the “Delger” river and is close to buildings and fences at
about 30-80 m distances (Fig. 1.4). Before the 1990s, the airport was located near the
station and there were no other household fences and buildings except the meteorological
office building to the east. After the airport was relocated to another location, and due to
economic crisis and harsh winters, herders settled in the province center and it became
more and more crowded each year. The station had been surrounded with household
fences and buildings since about 1992.

The next station is the Uliastai station of Zavkhan province. The station was

moved to this location in the 1980’s to avoid the residential area, which had been located
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on the northeast side since 1936. However the station is located too close to the
meteorological station office buildings on the east side (Fig. 1.5). Vegetation cover under
the instruments inside the fence is different by type and height than outside (Fig. 1.2a).
The province center is surrounded by mountains and the mountains in the west are about
2 km closer to the meteorological station.

The Ulaangom station in the Uvs province is located on the south side of the
airport. This station is close to the buildings on the N, northeast (NE), and northwest
(NW) sides at about 20-30 m and household buildings and fences on the southwest (SW)
side at about 70-90 m distances (Fig. 1.6). The station was moved to the current location
on 09.01.1967.

The Dalanzadgad station in Omnogovi province is located in the middle of a
residential area. Household fences and buildings are close to the instruments at about 40-
50 m distances on the north side. Old radar buildings are on NE, and southeast (SE) sides
and the meteorological station office building is on the east (E) side at about 90 m
distance (Fig. 1.7).

3.1.2 Pristine-Rural sites

The Bulgan station in Bulgan province is located in the valley of the “Achuut”
River and “Bulgan” Mountain. This site is characterized as a Pristine-Rural site. The
meteorological stations office building (with some deciduous trees in the front) is located
on the northwest side at about 100 m. The agricultural meteorological station’s wooden
fence was built in the 1970s on the north side at about 5-25 m distance (Fig. 1.8). Inside
the fence there were nine saplings at about 10-50 m distances with 0.5-2 m heights. The

pollution monitoring cabin (1.5 x 1.5 x 2 m) is on the west side at about 1.5 m from the
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fence. It was typical for most visited stations to have a pollution monitoring cabin close
to (about 1-2 m distance) the station instruments’ fence. The vegetation cover under the
instruments, inside the fence is different by type and height from the outside (Fig. 1.2b).

The Mandalgovi station in Dundgovi province is located on the west side of the
airport. The meteorological station’s office building, fuel storage house, and airport
buildings are close to the station’s fence at about 40, 50, and 60 m on the N, NW, and NE
sides respectively (Fig. 1.9). The other three sides are free from exposures.

The Arvaikheer station in Ovorkhangai province is located on the west side of an
airport. Airport buildings with a concrete fence are close to the stations at about a 50-60
m distance on the southeast. A pollution monitoring cabin (1.5 x 1.5 x 2 m) is located
about 1 m from the fence. A gas station is located at about a 90 m distance on the NW
side. In between there is unpaved road (Fig. 1.10).

The Choibalsan station in Dornod province is located in the middle of a
residential area. Fortunately, the residential area is located farther than a 100 m radius.
There is unpaved road on the north at about 2-3 m. The meteorological office building is
located to the south at about 70 m and an aerology building is to the southeast at about a
60 m distance (Fig. 1.11). The station has been displaced two times and came to the
current location in 1974. The primary location was about 4 km further to the west (1936-
1969) and the next one was about 6 km further east (1969-1974) than the current location.

3.2 Non-GCON sites

3.2.1 Rural-Urban sites

The Ulaanbaatar station of the capital city is located in the middle of a residential

area in a first district. The station is moved to the current location called “Takhilt” hill in
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Oct. 1978 (Fig. 1.12). The station was previously located in the Bayanzurkh district
between 1960-1978 years and at the “Byant-Ukhaa” airport between 1936-1960 years.
The transition to a free market economy and multi-year drought and “zud” highly
influenced the large migration of population from the countryside to the city. Therefore,
the capital city is become more crowded each year. Consequently, the Ulaanbaatar station
is more closely surrounded by household fences and buildings. The Mobicom
Corporation, a mobile phone company, built their antenna at the high hillside location on
the south of the weather station in 2004.

The Baruunkharaa station in Selenge province is the next Rural-Urban site. It is
surrounded by household fences and buildings within about a 50 m radius (Fig. 1.13).
The unpaved road is on the north side at about a 3-5 m distance. The station’s office
building used to be in the second floor of the former telecommunication building on the
south side which was destroyed by fire in 1994. The new meteorological office building
is built at about a 30 m to the north and the telecommunication building is constructed on
the former location in 1994 but changed into a one-story building.

The Altai station in Govi-Altai province is also included one of the Rural-Urban
sites due to buildings on the east, southeast, and south sides. This station is located on the
northwestern side of the airport. Small hills are on the north at about 150 m. Buildings are
close to 30-50 m distances on the south and southeast sides (Fig. 1.14). Recently, the
household fence was built to the south at about 50 m distance but it has been requested to
be moved. Only the west side is relatively open.

3.2.2 Pristine-Rural sites
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The Tsetserleg station in Arkhangai province is located on the southeast side of
the province center. The meteorological station’s office building is located at about 50 m
distance on the north side (Fig. 1.15). The province center is located in between
mountains. The mountains on the north are especially close to the station at about 1-2 km.
Mountains to the south, west, and east are about 0.2-0.3 km, 2-3 km and 10-15 km away,
respectively.

The Ondorkhaan station in Khentii province is located on the south side of the
airport. The airport fence was built in 2001 about 2 m to the north from the
meteorological instruments’ fence. The concrete aircraft apron and runway tarmac is
located at about 50 m distance on the north side (Fig. 1.16). The meteorological stations
office building is situated on the northeast side at about 70 m distance. The station was
moved to the current location in 1982. The airport has not received any airplanes since
December 2004 and is operating as a reserve airport. The airport gas station is located
about 100 m to the southeast. The vegetation cover under the instruments, inside the
fence was different by type and height from the outside vegetation (Fig. 1.2c,d). Grasses
inside the fence were higher (4-20 cm) than outside (1-5 cm).

The Choir station in Govi-sumber province is located on the southeast side of the
city. The Choir station is a good looking site except for the west side wooden fence with
buildings at about 80 m distance (Fig. 1.17). The vegetation cover under instruments was
representative to the entire area.

3.2.3 Pristine sites

The Sainshand station in Dornogovi province is characterized as a Pristine site

that satisfies WMO requirements. It is located on an open flat space. The type of land
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cover under the instruments was typical to the entire region. The meteorological office
building is located on the west side at about a 100 m distance (Fig. 1.18). Household
buildings and fences are about 300 m to the southeast and on the north side at about 500
m distances.

Another Pristine site is Bayankhongor station in Bayankhongor province. The
station is located on the east side of the airport at about 200 m. The meteorological
station office building with few deciduous trees is on the west side at about 100 m
distance (Fig. 1.19). The office building was extended into a two floor building in 2004.
All other sites are open within a 100 m radius. The mountains are to the east at 2-3 km
distances and a residential area is on the north at about a 1 km distance.

I'Y. DISCUSSION

A total of 17 stations were surveyed in this study. From the GCON sites, Khovd,
Moron, Uliastai, Ulaangom, and Dalanzadgad stations are characterized as Rural-Urban
sites in residential areas composing 56 percent, and Bulgan, Arvaikheer, Mandalgovi,
Choibalsan stations are characterized as Pristine-Rural sites composing 44 percent.
Within the non-GCON sites Ulaanbaatar, Baruunkharaa, Altai stations are characterized
as Rural-Urban sites, Tsetserleg, Ondorkhaan, and Choir stations are characterized as
Pristine-Rural sites, and Sainshand and Bayankhongor stations are characterized as
Pristine sites. From the total 17 stations, 47 percent are qualified as strongly influenced
by urban character landscape, 41 percent received some anthropogenic influences, and 12
percent had very little to no anthropogenic influences.

According to this study, most of the surveyed stations were qualified as Rural-

Urban sites and did not satisfy the WMO exposure guidelines. Consequently, this implies
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the global-averaged temperature anomalies based on the data from these stations do not
completely satisfy WMO standards. Therefore, reliability of the data from these stations
should be questioned and considered carefully in further studies. Strict adherence in
following WMO guidelines is important and urgently needed. Proper action such as
removing at least unused objects close to the instruments is recommended. Recently,
there were many houses moved and other buildings and houses constructed closer to the
meteorological station’s fence. Therefore, it is important to restrict at least new
settlements close to these stations and strengthen the regulations to ensure that data be
representative to the whole region.

This study is the preliminary and qualitative study for documenting the exposure
characteristics surrounding weather stations. Further studies on the quantitative
influences of the close objects are highly recommended.
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distance. (a-e) same as fig. 1.3
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province of Mongolia, 44304. 47 N. 110 E. Altitude. 1039 m. Photos indicate that
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m distance. (a-e) same as fig. 1.3
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province of Mongolia, 44354. 44 N 110 E. Altitude. 936 m. Photos indicate that
Sainshand is a Pristine site that satisfies with the WMO requirements. (a-e) same
as fig. 1.3

1.19 The sensor exposure characteristics of Bayankhongor station in
Bayankhongor province of Mongolia, 44287. 46 N 100 E. Altitude. 1862 m.
Photos indicate that Bayankhongor is a Pristine site that satisfies WMO
requirements. (a-e) same as fig. 1.3
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Table 1.1 Meteorological stations basic data

Site name and | Network | Natural | Province Begin | GPS position | Altitude,
classification and ID zone year m
Khovd GCON Dry Khovd 1936 Lat: 48°01° 1406
Rural-Urban 44218 steppe Lon: 91°39

Moron GCON Steppe | Khovsgol 1938 Lat: 49°55° 1288
Rural-Urban 44231 Lon: 100°15’
Uliastai GCON Forest- | Zavkhan 1936 Lat: 47°45’ 1767
Rural-Urban 44272 steppe Lon: 96°51”
Ulaangom GCON Desert- | Uvs 1936 Lat: 49°48’ 940
Rural-Urban 44212 steppe Lon: 92°05’
Dalanzadgad GCON Semi- | Omnogovi 1935 Lat: 43°25° 1450
Rural-Urban 44373 desert Lon: 104°25’

Bulgan GCON Forest- | Bulgan 1941 Lat: 48°48’ 1210
Pristine-Rural | 44239 steppe Lon: 103°33’
Mandalgovi GCON Desert- | Dundgovi 1944 Lat: 45°46° 1393
Pristine-Rural | 44341 steppe Lon: 106°17”
Arvaikheer GCON Steppe | Ovorkhangai 1940 Lat: 46°16° 1813
Pristine-Rural | 44288 Lon: 102°47"
Choibalsan GCON Steppe | Dornod 1936 Lat: 48°05° 756
Pristine-Rural | 44259 Lon: 114°33’
Ulaanbaatar 44292 Forest- | Capital city 1936 Lat: 47°56° 1306
Rural-Urban steppe | Ulaanbaatar Lon: 106°54’
Baruunkharaa | 44241 Forest- | Selenge 1939 Lat: 48°55° 807
Rural-Urban steppe Lon: 106°04’

Altai 44277 Dry Govi-Altai 1953 Lat: 46°24° 2183
Rural-Urban steppe Lon: 96°15’
Tsetserleg 44282 Forest- | Arkhangai 1936 Lat: 47°27° 1693
Pristine-Rural steppe Lon: 101°28’
Ondorkhaan 44304 Steppe | Khentii 1937 Lat: 47°19° 1033
Pristine-Rural Lon: 110°38’

Choir 44298 Dry Govi-Sumber | 1949 Lat: 46°27° 1286
Pristine-Rural steppe Lon: 108°13’
Sainshand 44354 Semi- | Dornogovi 1936 Lat: 44°54° 936
Pristine desert Lon: 110°07”
Bayankhongor | 44287 Dry Bayankhongor | 1962 Lat: 46°08° 1859
Pristine steppe Lon: 100°41”
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Mongolian meteorological stations,
visited during summer 2005
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Figure 1.1 Mongolian meteorological stations surveyed between July-August 2005.

Figure 1.2 Vegetation cover was different inside and outside the fence. (a) Uliastai
station, (b) Bulgan station, (c) Ondorkhaan station: inside the fence, (d)
Ondorkhaan station: outside the fence
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Figure 1.3 The sensor exposure characteristics of Khovd station in Khovd province of
Mongolia, 44218. 48 N 91 E. Altitude. 1411 m. Khovd is a Rural-Urban site,
surrounded by concrete walls on the S, W, and N side and houses to the north. A
meteorological station office building is on the east side at about 100 m distance.
(a) Station sensors, (b-¢) Illustration of exposures viewed from the center point
looking east, south, west, and north respectively. Station’s mean wind speed and
direction are shown on the east bottom corner, wind speed frequency is on the
west bottom corner and station’s location is shown at the country map on the
upper right corner of the figure.
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Figure 1.4 The sensor exposure characteristics of Moron station in Khovsgol province of
Mongolia, 44231. 49 N 100 E. Altitude. 1290 m. Photos indicate that Moron is a
Rural-Urban site. It is too close to the buildings and fences on N, E, SE, and SW
sides with several trees and fences on the east side. A wooden fence was located
30 m to the west. (a-e) same as fig. 1.3
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Figure 1.5 The sensor exposure characteristics of Uliastai station in Zavkhan province of
Mongolia, 44272. 47 N 96 E. Altitude. 1780 m. Photos indicate that Uliastai is a
Rural-Urban site located close to the meteorological station's office and other
buildings in a range of 5-80 m distances on the east side. Another building is
located at about 30-35 m on the north side. (a-e) same as fig.1.3
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Figure 1.6 The sensor exposure characteristics of Ulaangom station in Uvs province of
Mongolia, 44212. 49 N 92 E. Altitude. 941 m. Photos indicate that Ulaangom is a
Rural-Urban site, which is close to the buildings on NW, N, NE sides at about 20-
30 m and close to the household fences and buildings (built in around 1999) on
the SW side at about 50-60 m from the instrument fence. The Ulaangom station
was moved to the current location on 09.01.1967. (a-€) same as fig. 1.3
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Figure 1.7 The sensor exposure characteristics of Dalanzadgad station in Omnogovi
province of Mongolia, 44373. 43 N 104 E. Altitude. 1470 m. Photos indicate that
Dalanzadgad is a Rural-Urban site. Household buildings and fences are on the
north side at about 40-50 m, on the east side meteorological station's building at
about 85-95 m, old radar buildings on the E, SE sides at about 25, 65 m,
respectively and aerology building on the SE side at about 85 m distance. (a-e)
same as fig. 1.3
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Figure 1.8 The sensor exposure characteristics of Bulgan station in Bulgan province of
Mongolia, 44239. 48 N 103 E. Altitude. 1217 m. Photos indicate that Bulgan is a
Pristine-Rural site. (a-e) same as fig. 1.3
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Figure 1.9 The sensor exposure characteristics of Mandalgovi station in Dundgovi
province of Mongolia, 44259. 45 N 106 E. Altitude. 1400 m. Photos indicate that
Mandalgovi is a Pristine-Rural site, close to the airport on the NE side at about 60
m and a meteorological office building on the north side at about 40 m, fuel
storage building at about 50 m distances. (a-€) same as fig. 1.3

Figure 1.10 The sensor exposure characteristics of Arvaikheer station in Uvurkhangai
province of Mongolia, 44288. 46 N 102 E. Altitude. 1813 m. Photos indicate that
Arvaikheer is a Pristine-Rural site, close to the airport buildings on the SE side at
about 50 m, and to the pollution monitoring cabin at about 1 m on the east side.
(a-e) same as fig. 1.3
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Figure 1.11 The sensor exposure characteristics of Choibalsan station in Dornod province
of Mongolia, 44259. 48 N 114 E. Altitude. 750 m. Photos indicate that Choibalsan
is Pristine-Rural site. The meteorological office building and trees at about 70-80
m on the south side and an unpaved road is about 2-3 m close on the north side.
(a-e) same as fig. 1.3
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Figure 1.12 The sensor exposure characteristics of Ulaanbaatar station in the capital city
of Mongolia, 44292. 47 N 106 E. Altitude. 1306 m. Photos indicate that
Ulaanbaatar is a Rural-Urban site, close to the household fence on the east side at
about 5 m, which was built in 2005. The Mobicom antenna and office building is
on the SW corner at about 5-10 m, built in 2004. The meteorological station office
building is on the NW side at about 50 m distance. The station was moved two
times and came to the current location in 1978. A large residential area called
First District is on the south at about 200 m. (a-e) same as fig. 1.3
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Figure 1.13 The sensor exposure characteristics of Baruunkharaa station in Selenge
province of Mongolia, 44241. 48 N 106 E. Altitude. 821 m. Photos indicate that
Baruunkharaa is a Rural-Urban site located in the middle of a residential area. It is

close to buildings, trees and fences at 50 m radius. (a-€) same as fig. 1.3
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Figure 1.14 The sensor exposure characteristics of Altai station in Govi-Altai province of
Mongolia, 44277. 46 N 96 E. Altitude. 2183 m. Photos indicate that Altai is a
Rural-Urban site surrounded by a metal net fence on the east and north side.
Buildings are close to 30-50 m distances on the S and SE sides. Small hills are on
the north side at about 150 m and only the west side is relatively open. (a-e) same
as fig.1.3
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Figure 1.15 The sensor exposure characteristics of the Tsetserleg station in Arkhangai
province of Mongolia, 44282. 47 N 101 E. Altitude. 1693 m. Photos indicate that
Tsetserleg is a Pristine-Rural site. The north side building is at about 50 m
distance. (a-e) same as fig. 1.3

Figure 1.16 The sensor exposure characteristics of Ondorkhaan station in Khentii
province of Mongolia, 44304. 47 N. 110 E. Altitude. 1039 m. Photos indicate that
Ondorkhaan is a Pristine-Rural site because of the north side airport apron and the
NE and E side buildings. (a-e) same as fig. 1.3
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Figure 1.17 The sensor exposure characteristics of Choir station in Govi-Sumber
province of Mongolia, 44298. 46 N 108 E. Altitude. 1286 m. Photos indicate that
Choir is a Pristine-Rural site. The west side wooden fence with buildings is at 80
m distance. (a-e) same as fig. 1.3
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Figure 1.18 The sensor exposure characteristics of Sainshand station in Dornogovi
province of Mongolia, 44354. 44 N 110 E. Altitude. 936 m. Photos indicate that
Sainshand is a Pristine site that satisfies with the WMO requirements. (a-e) same
as fig. 1.3
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Figure 1.19 The sensor exposure characteristics of Bayankhongor station in
Bayankhongor province of Mongolia, 44287. 46 N 100 E. Altitude. 1862 m.
Photos indicate that Bayankhongor is a Pristine site that satisfies WMO
requirements. (a-e) same as fig. 1.3
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ABSTRACT

Mongolia is one of the largest land-locked countries of Asia and the capital city
Ulaanbaatar is the coldest city in the world. Rangelands in Mongolia cover 75-80 percent
of the total territory. These areas are important to the Mongolian animal husbandry
industry, a key economic resource, which directly depends on the vegetation and climate
conditions. This study will examine the long-term climate changes and trends seasonally
across Mongolia at individual sites. A comparative analysis of long-term (1961-2004)
versus decadal (1998-2007) trends, as well as the surface temperature versus surface
heating, effective temperature and upper air trends at these sites are studied.

The linear trend over the 1961-2004 years indicated the highest annual and
seasonal temperature changes mostly occurred in the coldest north western mountain area
of the country. The least changes occurred in the eastern plain. The results supported our
expectations that the most temperature increase (2.3°C) occurred during the winter
months. According to the calculated seventeen climate change indices most of the
stations frost and icing days decreased and summer days, tropical nights, monthly
maximum value of daily minimum and maximum temperatures are increased. In addition
to that, growing season length is increased at all sites. Clearly, we observed temperature
increasing trend at most of the stations. Precipitation indices varied substantially and
there were no consistent temporal and spatial pattern. We observed similar trends in
seasonal surface heat, effective temperature and 2 m air temperature for winter, spring
and fall at seventeen stations but not for the summer when the air humidity is higher. The

temperature increase (or decrease) did not correlate to the surface heat increase (or
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decrease) during the summer. The multivariate correlation indicates that the most of the
surface and ECMWF data well correlated but NCEP data were a little different.

I. INTRODUCTION

Mean surface temperature has been the primary index used to estimate climate
change and global warming ([NAS] 2005). However, “warming” is more appropriately
assessed in terms of heat content (Joules). The surface heat content depends on air
temperature and specific humidity. Therefore, temperature by itself is an incomplete
characterization of surface heat content (Pielke et al. 2004). A surface temperature
increase may not correspond to a surface heat content increase because it also depends on
changes in humidity (Pielke 2001). High relative humidity in hot weather makes us feel
hotter than it really is by retarding evaporation or perspiration (Ahrens 2003).

The mean annual surface air temperature of Mongolia has increased by 1.66°C
during the last 60 years (Batima 2003). However, we do not know if this surface air
temperature increase over- or under- estimates surface heat content in Mongolia. The
proposed study will examine the amount of surface heat change that has occurred during
the last 10 years in Mongolia as well as surface heat change geographically and
seasonally for seventeen local provinces.

Vegetation plays an important role in determining surface heat content throughout
a growing season as it removes moisture from the soil that is lost through transpiration
(Lu et al. 2001). During the day, transpiring vegetation converts incoming solar energy
into latent heat, thus reducing maximum air temperature. At night, higher water vapor
above vegetated areas increases minimum air temperatures (Hanamean et al. 2003).

However, semiarid or arid rangelands may contribute little to increased water vapor over
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those surfaces. Climate and land cover interaction over the Asia monsoon region is
particularly strong first, in terms of natural processes and second, in terms of human
impacts in land cover over the Asia connected with long history of civilization (Kabat et
al. 2004).

Rangelands in Mongolia cover 75-80 percent of the total territory (Erdenetuya
and Khudulmur 2005; Fernandez-Gimenez and Allen-Diaz 1999). These areas are
important in the economy of animal husbandry (Mongolian main economic branch),
which directly depends on the vegetation and climate. Range conditions within the last
several years have degraded rapidly because of extreme weather events (drought and
blizzards), an increasing livestock population and greater concentration of people,
especially around urban areas during the transition period to the free market economy.
Therefore, monitoring the long-term change and trends for climate features are very
important to examine the climate changes in local individual sites as well as their
influence on the regional climate. Understanding the vulnerability of arid and semi-arid
areas to climate change and human disturbances are very important for their sustainable
management.

1.1 Key Questions

This chapter deals with two fundamental questions related to climate trends over
Mongolia given the overall warming observations estimate over Eurasia. These questions
are:

1. How do local Mongolian climate trends reflect the large scale regional climate

warming trends observed over the past 40 years?
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2. Do local surface heat energy estimates coincide with observed temperature
trends experience at local weather stations across Mongolia?
1.2 Specific study objectives are to:
1. Determine the long-term trends in seasonal and annual surface mean, maximum,
minimum temperatures and precipitation across Mongolia.
la. Compare the surface trends with the upper air temperature trends to see if
there is a certain pattern and relationship.
1b. Analyze the main climate indices for 17 stations (e.g., number of frost and
icing days, summer days, tropical nights and growing season length)
2 Determine if warming trends related to surface temperatures differ from heat energy?
2a. Analyze the last 10 (1998-2007) years temperature trend and compare with the
long-term trends to determine if present surface air temperature data over- or
under- estimate surface heating in Mongolia.
1. METHODOLOGY
2.1 Study area — Geography
Mongolia is located in the central part of Asia between 41°35”-52°06” latitude
and 87°47-119°57” longitude, neighboring Russia in the North and China in the South.
Mongolia is the 17" largest country in the world by size of territory, which is 1.56
million square km (385 million acre) with an average altitude of 1580 m (5184 ft) above
sea level ([NSOM] 2006). Mongolia is completely land-locked and geographically
characterized by an ultra continental climate. The Mongolian territory was lifted to a
relatively high altitude above the sea level. Eighty one percent of Mongolia is situated

above 1000 m and 50 percent is higher than 1500 m. (Erdenetuya and Khudulmur 2005).
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The most of the highlands consist of mountainous areas with gentle to steep slopes,
which are in the western, northern and southwestern part of Mongolia. The highest peak
IS 4374 m called “Khuiten” mount in the west and lowest is 560 m in the Eastern Plain.

2.2 Climate

The climate of Mongolia is dry and continental. Distance from the seas and
considerable elevation above sea level contributes to the very dry and continental climate.
Furthermore, the climate is very harsh with large seasonal (up to 90°C) and daily (up to
30°C) temperature fluctuations, and dust storms, drought and *“zud” (harsh winter
conditions with heavy snowfalls) are common. The coldest month is January with -20°C
average temperature. Typically in some regions, especially in the northern part of
Mongolia, the temperature drops to less than -40°C. The hottest month is July with 18°C
average temperature. But sometimes in the Gobi Desert, temperature reaches 40°C.

Mongolia is the land of winds, especially sharp winds that blow in the spring. In
the Gobi and steppe areas, winds often develop into devastating storms reaching
velocities of 15 to 25 ms™. The Mongolian capital city, Ulaanbaatar, is the coldest capital
in the world (Batima 2003).

A characteristic feature for Mongolia is the combination of low relative humidity
values with rather low winter temperatures. The mean annual precipitation is 200 to 300
mm (8-12") of which 70 percent falls within the three summer months from June to
August (Hilbig 1995). The total amount of precipitation is rather low; it decreases from
400 mm per year at the Khangai, Khovsgol, and Khentii mountains to 25 mm per year or

less in the Gobi Desert (Erdenetuya and Khudulmur 2005; Gunin et al. 1999).
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Mongolia is located between the southern edge of eternal glaciers and
northernmost boundaries of deserts. These conditions contribute to two different
processes, aridization (desertification) and very low temperatures (cryogenesis) that
strongly affect the distribution, structure, and dynamics of vegetation cover. The
prevailing soils are light loams and loamy sands, mainly not salinized, with considerable
amounts of rock detritus and pebbles. Due to high vulnerability of arid and semi-arid
regions, even relatively weak human impacts can seriously damage the natural ecological
balance and trigger processes of progressive degradation and desertification (Gunin et al.
1999). On the other hand, climate change in semiarid lands expected to have important
implications for the nomadic people’s life. Early growing season precipitation is the
major determinant of the vegetation cover and thus sustainability of the pastoral systems
in Mongolia (Chuluun and Ojima 2002). Mongolian pastoral systems are very vulnerable
to climate variability and extreme events such as zud (very cold winter with heavy snow
and snowstorms) and drought.

Mongolia has six vegetation zones: high mountain, forest steppe, steppe, dry
steppe, desert steppe, and desert. According to multi-date land cover maps (Landsat) of
1992 and 1997 the total forest area (including deciduous needle-leaf, deciduous
broadleaf, coniferous forest and all mixed forest) is about 12.7 percent. Grassland areas
(52.3%) include steppe, dry steppe, and cropland. Barren areas include high mountain
rocks, desert shrub and sparse vegetated areas of about 34.2 percent. Water covers only
0.7 percent of the total territory of Mongolia (Erdenetuya and Khudulmur 2005).

2.3 Data collection
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Daily minimum, maximum, and mean air temperatures and precipitation data for
1961 to 2004 were obtained from these 17 stations for long-term analysis. Nine of the
stations are part of the Global Climate Observing Network (GCON). GCON s an
organization ensuring that observations and information needed to address climate-
related issues are obtained and made available to all potential users. Data from the
remaining stations were obtained from the Mongolian Institute of Meteorology and
Hydrology. In addition, 3-hourly temperature and relative humidity data for the last ten
years (1998-2007) from the National Climatic Data Center (NCDC) ([NCDC] 2008) were
extracted to determine the surface heating trend at each station. Also upper air model data
for 1961-2002 years are obtained from the European Centre for Medium-Range Weather

Forecasts (ECMWF) (available at: http://data.ecmwf.int/data/) and National Center for

Environmental Prediction (NCEP) 40 year reanalysis data (Kalnay et al. 1996) which has
now been updated from 1961-2005, and obtained from the Climate Diagnostic Center

(CDC) web server at (http://www.cdc.noaa.gov/cgi-bin/Timeseries/timeseriesl.pl).

2.4 Research approach

Analysis of statistically significant seasonal and annual surface air temperature,
precipitation and surface heat trends for the seventeen sites were carried out. Variations
in surface heat content over time were estimated using [eq 1]. The surface heat energy
(He) or moist enthalpy accounts not only for the surface temperature but also for the
contribution of water vapor to the surface heat content (Davey and Pielke Sr. 2005) and is
expressed as:

He = CpT+Lwr  [1]
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where C, is the specific heat content of the air at constant pressure (at 20°C, C,=1.005 J
gt °K™), T is the observed air temperature at 2 m height in °K, L, is the latent heat of
vaporization (at 20°C, L, = 2450 J g, r is the mixing ratio or the ratio between the mass
of water vapor to the mass of dry air (g g™) and expressed as:
r=0.622¢e/(p-e) [2]
where p is pressure (hPa) and e is vapor pressure (hPa) and expressed as:
e = ep*exp(L/Ry*(1/To-1/Ty) [3]

where e is reference saturation vapor pressure (eo = 6.11hPa), R, is gas constant for water
vapor (R, = 461.5 J/kg * °K), T4 is dew point temperature in °K and T, is reference
temperature in °K (T, = 273.15°K)

To express enthalpy in degrees for comparison to air temperature we use the term
effective temperature (T,), expressed as:

Te=H/C, =T+ Ly1/C, [4]

where T, is the effective temperature that accounts for specific humidity of the air;
therefore it has contributions from both sensible and latent heat (Pielke et al. 2004).

Winter season includes December, January and February of the following year, so
the winter trends always started from the year 1962 instead 1961. Each season has three
months of duration. Arvaikheer and Ulaanbaatar stations data started from 1969 and
Bayankhongor station data started from 1962 due to data availability. All other station’s
data are from 1961-2004. Maximum and minimum temperature analysis based on the
1961-2003 data. The long-term climate data are analyzed for the linear trends and
mapped for seasonal and annual changes for the study period using ARCGIS 9.1. Long-

term temperature and precipitation trend graphs and significant changes (o = 0.05) are
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analyzed using Excel software (Microsoft Office 2007) for different regional sites.
Heating or cooling trends for each individual site are calculated by integrating surface
temperature and specific humidity data [eq 1] and then effective temperature trends are
calculated by using [eq 4].

A total of 17 climate indices are calculated using a R based software package and
FORTRAN program for the 17 stations during 1961-2001 year period. They are based on
daily temperature values or daily precipitation amount. Some are based on fixed
thresholds that are of relevance to particular applications. In these cases, thresholds are
the same for all stations. Data quality control procedure and simple procedure for
detecting inhomogeneities are integrated in the software packages. The details of those 17

indices described at (http://cccma.seos.uvic.ca/ETCCDMI/list 27 indices.shtml).

I1l. RESULTS

3.1 Mean temperature trends

We analyzed 17 stations mean temperature trends from 1961 to 2004. According
to the linear trend the highest annual and seasonal temperature changes mostly occurred
in the coldest north western mountain area of the country. The least changes occurred in
the eastern plain. The results are supported our expectations that the most temperature
increase occurred during the winter months as it is shown in the large scale regional
climate warming trends (Jones and Moberg 2003) observed over the past 40 years
(Fig. 2.1)

According to the linear trend, the annual mean temperatures increased
significantly (p < 0.05) for all of the stations except at Ondorkhaan station. The

temperature increase at Ondorkhaan station was 0.38°C, which is not significant
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(p=0.39). Ulaangom, Khovd, Moron (Western mountain region) and Dalanzadgad (Gobi
decert region) had more than two degrees of an increase and the rest of them had between
one to two degrees increase for the study period. The magnitudes of the increases were
different throughout the country and shown in Table 2.1 and Figure 2.2. The average
annual mean temperature increase was 1.73°C for 17 stations.

The winter mean temperatures increased significantly (p < 0.05) except at the
Ulaanbaatar (p = 0.87) and Ondorkhaan (p = 0.56) stations. The most changes occurred at
the Khovd (4.71°C), Ulaangom (4.08°C), Dalanzadgad (4.26°C), Bayankhongor (3.17°C)
and Moron (3.13°C) stations (Fig. 2.3 and Table 2.2). The average winter mean
temperature increase was 2.32°C for 17 stations.

The summer mean temperatures increased significantly (p < 0.05) except at the
Ulaangom (p = 0.07) station. The most temperature increase for the summer has occurred
at the Ulaanbaatar (3.15°C) station. The magnitudes of the winter and summer
temperature increases were different throughout the country and shown in Figure 2.4 and
Table 2.2. The average summer mean temperature increase was 1.68°C for 17 stations,
which is close to regional average (Jones and Moberg 2003) for the last 40 years (Fig.
2.5).

The spring mean temperatures increased significantly (p < 0.05) except at the
Uliastai (p = 0.23), Altai (p = 0.43) and Ondorkhaan (p = 0.25) stations. The most change
is occurred at the Ulaanbaatar (3.26°C) station. The rest of the stations’ temperatures
changed between one and three degrees (Fig. 2.6 and Table 2.3). The average summer

mean temperature increase was 1.67°C for 17 stations.
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The fall mean temperatures increased significantly (p < 0.05) except at the
Ulaanbaatar (p = 0.52), Bulgan (p = 0.22), Baruunkharaa (p = 0.24), Arvaikheer (p =
0.17) and Ondorkhaan (p = 0.53) stations. The most change is occurred at the Moron
(2.41°C) station (Fig. 2.7 and Table 2.3). The average fall mean temperature increase
was 1.16°C for 17 stations.

Overall, the annual and seasonal mean temperatures mostly have significant
increasing trends. The annual mean temperatures significantly increased at sixteen
stations and slightly increased at the Ondorkhaan station. Winter mean temperatures
significantly increased at fifteen stations, and slightly decreased at two stations. Summer
minimum temperatures significantly increased at sixteen stations, and slightly increased
at the Ulaangom station. Spring mean temperatures significantly increased at fourteen
stations, and slightly increased at three stations. Fall mean temperatures significantly
increased at twelve stations and slightly increased at five stations (Fig. 2.8). In addition to
that, the annual and seasonal mean temperatures have increasing trends with increasing
elevations except in the spring. They also had increasing trends with increasing latitude.
Spring and summer mean temperatures were slightly increasing and winter, fall, and
annual mean temperatures were decreasing with increasing longitude.

3.2 Maximum temperature trends

We analyzed 17 stations’ maximum temperature (Tmax) trends for the 1961-2003
year period annually and seasonally. Annual and seasonal Tnax had slightly increasing
trends with increasing elevations except during the spring. Winter and fall T« trends

were slightly decreasing and spring, summer, and annual Tnax trends were increasing
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with increasing latitude. Annual and seasonal Tax had decreasing trends with increasing
longitude.

According to the linear trend, the annual maximum temperatures increased from
0.5°C (at the Ondorkhaan station) to 1.59°C (at the Bayankhongor station) for the last 43
years. Out of 17 stations the annual T« increases were significant (p < 0.05) at eleven
stations: Khovd, Moron, Uliastai, Ulaangom, Mandalgovi, Choibalsan, Ulaanbaatar,
Baruunkharaa, Altai, Tsetserleg, and Bayankhongor. The magnitudes of the increases are
shown in Figure 2.9 and Table 2.4. The average annual maximum temperature increase
was 1.17°C for 17 stations.

The winter maximum temperatures increased from 0.43°C (at the Ulaanbaatar
station) to 4.11°C (at the Ulaangom station) for the last 42 years. The winter Tpax
increases were significant (p < 0.05) for eight stations: Khovd, Uliastai, Ulaangom,
Dalanzadgad, Mandalgovi, Altai, Tsetserleg, and Bayankhongor. The winter Tnax had
slightly decreasing trends at the Arvaikheer, Baruunkharaa, and Ondorkhaan stations
(Table 2.5). The magnitudes of the increases are shown in Figure 2.10 and Table 2.5.
The average winter maximum temperature increase was 1.61°C for 17 stations.

According to the linear trend, the summer maximum temperatures increased from
0.62°C (at Sainshand station) to 2.96°C (at Baruunkharaa station) for the last 43 years.
The summer Tqax increases were significant (p < 0.05) for fourteen stations: Khovd,
Moron, Uliastai, Dalanzadgad, Bulgan, Mandalgovi, Arvaikheer, Ulaanbaatar,
Baruunkharaa, Altai, Tsetserleg, Ondorkhaan, Choir, and Bayankhongor. The magnitudes
of the increases are shown in Figure 2.11 and Table 2.5. The average summer maximum

temperature increase was 1.59°C for 17 stations.
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The spring maximum temperatures increased from 0.28°C (at Altai station) to
2.44°C (at the Ulaangom station) for the last 43 years. The spring Tmax increases were
significant (p < 0.05) for four stations (Moron, Ulaangom, Ulaanbaatar, Baruunkharaa).
The spring Tmax had decreasing (not significant) trends at Dalanzadgad and Sainshand
stations (Table 2.6). The magnitudes of the changes are shown in Figure 2.12 and Table
2.6. The average spring maximum temperature increase was 0.93°C for 17 stations.

The fall maximum temperatures increased from zero (at Sainshand station) to
1.19°C (at the Bayankhongor station) for the last 43 years. The fall Ty increases were
not significant (p < 0.05) for all stations and had slightly decreasing trends at Arvaikheer
and Baruunkharaa stations (Table 2.6). The magnitudes of the increases are shown in
Figure 2.13 and Table 2.6. The average fall maximum temperature increase was 0.35°C
for 17 stations.

Overall, the annual Tmax significantly increased at eleven stations and slightly
increased at six stations. The winter maximum temperatures significantly increased at
eight stations, slightly increased at six stations, and decreased (not significantly) at three
stations. Summer maximum temperatures significantly increased at fourteen stations, and
slightly increased three stations. Spring maximum temperatures significantly increased at
four stations, slightly increased at eleven stations and decreased (not significantly) at two
stations. Fall maximum temperatures slightly increased at fifteen stations and also
slightly decreased at two stations (Fig. 2.14). Mostly, the maximum temperature
significantly increased in winter and summer seasons and slightly increased in spring and
fall seasons. Some of the stations had decreasing trends but none were significant.

3.3 Minimum temperature trends
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We analyzed 17 stations’ minimum temperature (Tmin) trends for the 1961-2003
year period annually and seasonally. Annual and seasonal T, had slightly increasing
trends with station’s latitude increases. Winter T, trends were slightly increasing with
increasing elevations except spring. Annual and seasonal T, had decreasing trends with
increasing longitude.

According to the linear trend, the annual minimum temperatures increased
significantly from 0.83°C (at Dalanzadgad station) to 3.42°C (at Moron station) and only
at the Ondorkhaan station it is decreased (not significantly) by 0.33°C for the last 43
years. The magnitudes of the changes are shown in Figure 2.15 and Table 2.7. The
average annual minimum temperature increase was 1.87°C for 17 stations.

The winter minimum temperatures increased from 1.08 °C (at Choibalsan station)
to 5.36°C (at Khovd station) for the last 42 years. The winter T, had slightly decreasing
trend at Ondorkhaan station (Table 2.8). The winter Ty, increases were significant (p <
0.05) for eight stations: Khovd, Uliastai, Ulaangom, Dalanzadgad, Mandalgovi, Altai,
Tsetserleg, and Bayankhongor. The magnitudes of the increases are shown in Figure 2.16
and Table 2.8. The average winter minimum temperature increase was 2.45°C for 17
stations.

The summer minimum temperatures increased from 0.62°C (at Sainshand station)
to 2.96°C (at Baruunkharaa station) for the last 43 years. The summer T, increases were
significant (p < 0.05) for fourteen stations: Khovd, Moron, Uliastai, Dalanzadgad,
Bulgan, Mandalgovi, Arvaikheer, Ulaanbaatar, Baruunkharaa, Altai, Tsetserleg,

Ondorkhaan, Choir, and Bayankhongor. The magnitudes of the increases are shown in
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Figure 2.17 and Table 2.8. The average summer minimum temperature increase was
1.64°C for 17 stations.

The spring minimum temperatures increased from 0.08°C (at Ondorkhaan station)
to 3.44°C (at Moron station) for the last 43 years. The spring Tmin increases were
significant (p < 0.05) for four stations: Moron, Ulaangom, Ulaanbaatar, and
Baruunkharaa. The spring Tnmin had decreasing trends at the Dalanzadgad and Sainshand
stations. The magnitudes of the changes are shown in Figure 2.18 and Table 2.9. The
average spring minimum temperature increase was 1.75°C for 17 stations.

The fall minimum temperatures increased from zero (at Sainshand station) to
1.19°C (at Bayankhongor station) for the last 43 years. The fall T, increases were not
significant (p < 0.05) for all of the stations and had slightly decreasing trends at the
Arvaikheer and Baruunkharaa stations. The magnitudes of the increases are shown in
Figure 2.19 and Table 2.9. The average fall minimum temperature increase was 1.12°C
for 17 stations.

Overall, the annual minimum temperatures significantly increased at sixteen
stations and slightly decreased at the Ondorkhaan station. Winter minimum temperatures
significantly increased at eight stations, slightly increased at eight stations and decreased
(not significantly) at the Ondorkhaan station. Summer minimum temperatures
significantly increased at fourteen stations, and increased (not significantly) three
stations. Spring minimum temperatures significantly increased at four stations, and
slightly increased at thirteen stations. Fall minimum temperatures slightly increased at
sixteen stations and also slightly decreased at the Ondorkhaan station (Fig. 2.20). Mostly,

the minimum temperatures significantly increased in winter and summer seasons and
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slightly increased in spring and fall seasons. Only the Ondorkhaan station had slightly
decreasing trends in annual, winter and fall temperature.

3.4 Station annual averages and 5-year running means

Station annual averages and 5-year running means calculated for all 17 stations
and combined average for the stations are shown in the Figure 2.21. All stations had
increasing mean annual temperature trends. Three stations that are in the Gobi-desert
region (Mandalgovi, Dalanzadgad and Sainshand) had above zero annual mean
temperatures for the whole study period. Two stations (Uliastai and Ulaangom), which
are in Great lake basin had below zero mean annual temperatures for the whole study
period. Bulgan, Altai, Ulaanbaatar and Baruunkharaa stations, which are in the central

region had most of the time below zero mean annual temperatures.

3.5 Comparison of last 10 years: 1998-2007 trends

3.5.1 Air temperature trend versus surface heat trend

We observed similar trends in seasonal surface heat energy or moist enthalpy,
(He) and 2 m mean air temperature (Tmean), for winter, spring and fall at 17 stations but
not for the summer when the air humidity is higher. Eight stations had decreasing He but
increasing Tmean and one station (Bayankhongor) had increasing He but decreasing Tmean
during the summer for the last ten years. This indicates the temperature increase (or
decrease) does not really mean the H, increase (or decrease) because it also depends on
the humidity. When it is dry during the winter only Sainshand station had opposite trend:
increasing Tmean but the decreasing He. During the spring, Uliastai and Baruunkharaa
stations had increasing He but decreasing Tmean Whereas Tsetserleg station had decreasing

He but increasing Tmean. During the fall, Dalanzadgad and Mandalgovi stations had
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decreasing He but increasing Tmean. Annually, Mandalgovi, Arvaikheer, Choibalsan,
Tsetserleg and Ondorkhaan stations had decreasing He but increasing Tmean, The rest of

the stations had similar trends (Figs. 2.22 and 2.23, Tables 2.10 and 2.11).

3.5.2 Effective temperature versus air temperature

We observed similar trends in seasonal effective temperature (T¢) and 2 m mean
air temperature (Tmean), for winter, spring and fall at 17 stations but not for the summer
when the air humidity is higher. Eight stations had decreasing T but increasing Tmean and
two stations (Uliastai and Bayankhongor) had increasing Te but decreasing Tmean during
the summer for the last ten years. This indicates the effective temperature would more
correctly indicate the warming and cooling because it accounts the humidity value. When
it is dry during the winter Mandalgovi, and Sainshand stations had increasing Tmean but
the decreasing T, and Ulaanbaatar station had decreasing Tpean but the increasing Te.
During the spring, Uliastai, Baruunkharaa, and Bayankhongor stations had increasing T,
but decreasing Tmean Whereas Tsetserleg station had decreasing T but increasing Tean.
During the fall, Uliastai, Dalanzadgad and Mandalgovi stations had decreasing T, but
increasing Tmean. Annually, Mandalgovi, Arvaikheer, Choibalsan, Tsetserleg and
Ondorkhaan stations had decreasing T, but increasing Tmean. The rest of the stations had

similar trends (Figs. 2.23 and 2.24, Tables 2.11 and 2.12).

3.5.3 Decadal temperature trend versus long-term temperature trend

Most of the stations decadal (1998-2007) temperature trends indicate decreasing
trend (Fig. 2.23) during the winter and spring due to very cold winter and spring of 2000,

2002 and especially 2005, which was not included in the long-term (1961-2004) trend
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(Fig. 2.8). Ten, 13, 5, 2, and 2 stations had decreasing Tmean trends respectively for
winter, spring, summer, fall and annually that are opposite from the long-term trends
(Fig. 2.23 and Table 2.11). Ondorkhaan station had increasing Tmean decadal trend but

decreasing long-term trend for fall and annual.

3.6 Climate change indices

A total of 17 climate indices were calculated using a R based software package
and FORTRAN program for the 17 stations during 1961-2001 year period. They are
based on daily temperature values or daily precipitation amount (Wang 2003). Some are
based on fixed thresholds that are of relevance to particular applications. In these cases,
thresholds are the same for all stations. Data quality control procedure and simple
procedure for detecting inhomogeneities are integrated in the software packages

(Peterson et al.1998).

Temperature and precipitation indices’ trends are shown in the Table 2.13 and
2.14 respectively. The details of those seventeen indices are described at

(http://cccma.seos.uvic.ca/ETCCDMI/list 27 indices.shtml).

1. su25: The trend of the number of summer days, which is when the daily maximum
temperature is greater than 25°C, has significantly increased at all of the stations except
Sainshand (decreased), Ulaangom (not significantly increased) and Choibalsan (no trend)

for the years 1961-2001.

2. tr20: The trend of the number of tropical nights, which is when daily minimum

temperature is greater than 20°C, has significantly increased at all of the stations except
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Ulaangom, Arvaikheer (not significantly increased), Uliastai, Bulgan, Altai, and
Tsetserleg (no trends) stations.

3. 1d0: The trend of the number of icing days, which is when the daily maximum
temperature is less than 0°C, has decreased (not significantly) at all of the stations except
Baruunkharaa, Ondorkhaan, Choir, Sainshand and Byankhongor (not significantly
increased) stations.

4. fd0: The trend of the number of frost days, which is when daily minimum temperature
is less than 0°C, has significantly decreased at all of the stations except Ulaangom, Altai
and Ondorkhaan (not significantly decreased) stations.

5. txx: The trend of the monthly maximum value of daily maximum temperature has
increased at all of the stations and eight of them were significant.

6. txn: the trend of the monthly minimum value of daily maximum temperature has
increased (not significantly) at all of the stations except at Baruunkharaa, Ondorkhaan,
Sainshand (not significantly decreased), Ulaangom and Altai (significantly increased)
stations.

7. tnx: The trend of the monthly maximum value of daily minimum temperature has
significantly increased at all of the stations except Choibalsan, Shainshand and Altai (not
significantly increased) stations.

8. tnn: The trend of the monthly minimum value of daily minimum temperature has
significantly increased at all of the stations except at Ondorkhaan, Sainshand (not
significantly decreased) Uliastai, Bulgan, Mandalgovi, Ulaanbaatar, Tsetserleg, Choir,

and Bayankhongor stations (not significantly increased).
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9. dtr: the trend of the daily temperature range, which is monthly mean difference
between daily maximum and minimum temperature, has significantly decreased at all of
the stations except at Uliastai, Ulaangom, Choir (no trends), Altai (not significantly
increased), and Ondorkhaan (significantly increased) stations.

10. rxlday: The trend of the monthly maximum 1-day precipitation has slightly
decreased at all of the stations except at Khovd, Uliastai, Ulaangom, Arvaikheer,
Ulaanbaatar, Sainshand, and Bayankhongor (not significantly increased) stations.

11. rxbday: The trend of the monthly maximum consecutive 5-day precipitation has
slightly decreased at all of the stations except at Uliastai, Ulaangom, Dalanzadgad,
Arvaikheer, Ulaanbaatar, Altai, Sainshand, and Bayankhongor (not significantly
increased) stations.

12. sdii: The trend of the simple precipitation intensity index, which is when the
precipitation is equal or greater than 1 mm, has slightly decreased at all of the stations
except Khovd, Uliastai, Ulaanbaatar, Choir, Sainshand (no trends), Bulgan and
Arvaikheer (not significantly increased) stations.

13. r10mm: The trend of the annual count of days, where precipitation is greater than 10
mm, has slightly decreased at all of the stations except at Khovd, Arvaikheer,
Ulaanbaatar (not significantly increased) and Uliastai (no trend) stations.

14. r20mm: The trend of the annual count of days, where precipitation is greater than 20
mm, has slightly decreased at all of the stations except at Uliastai, Bulgan, Arvaikheer,
Ulaanbaatar, Sainshand (not significantly increased), Ulaangom Dalanzadgad,

Choibalsan and Altai (no trends) stations.
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15. cwd: The trend of the maximum length of wet spell, which is when the maximum
number of consecutive days with precipitation is equal or greater than 1 mm, has slightly
increased at all of the stations except at Moron, Bulgan, Baruunkharaa, Ondorkhaan,
Choir (not significantly decreased), and Dalanzadgad (no trend) stations.

16. cdd: The trend of the maximum length of dry spell, which is when the maximum
number of consecutive days with precipitation is less than 1mm, has slightly decreased at
all of the stations except at Khovd, Bulgan, Arvaikheer, Baruunkharaa, Sainshand (not
significantly increased) stations.

17. gsl: The trend of the growing season length has increased significantly at Moron and

Baruunkharaa stations and slightly increased at rest of the stations.

According to the 17 climate change indices most of the stations frost and icing
days decreased and summer days, tropical nights, monthly maximum value of daily
minimum and maximum temperatures are increased (Table 2.13). In addition to that,
GSL increased at all sites (Table 2.14). Precipitation indices varied a lot and there were
no unified temporal and spatial pattern (Table 2.14). Clearly, we observed the

temperature increasing trend at most of the stations.

3.7 Precipitation

According to the linear trend for last 45 years winter precipitation has not
changed much. The precipitation at Baruunkharaa station decreased by 2.46 mm (the only
station that has decreasing trend) and at Moron station increased by 3.23 mm. The rest of

them changed in between (Table 2.15 and Fig. 2.25). All of them slightly increased.

55



The spring precipitation slightly increased. The highest increase (13.8 mm) was
observed at the Moron station and next at Ulaanbaatar (8.8 mm) station. Dalanzadgad
station precipitation decreased by 23 mm, which is the lowest and rest of them changed in

between (Fig. 2.26).

The most precipitation change occurred (mainly decreased) in the summer
(mainly decreased). For example Moron station had the most decrease (-44.8 mm), and

next Baruunkharaa (-28.2 mm) and Ondorkhaan (-22.9 mm) stations (Fig. 2.27).

The fall precipitation has not changed much but mainly decreased (Fig. 2.28). It

changed from -6.4 (Bulgan) to 1.1 (Sainshand).

Moron has the most decrease in annual precipitation due to the summer rain
decrease. Bayankhongor has the highest increase (13.7 mm) in annual change and rest of
them changed in between (Fig. 2.29). The seasonal and annual precipitation changes were
not significant. The linear trend diminishes the biggest monthly changes. The monthly
precipitation of the stations varied a lot throughout the country and between the months.
Table 2.16 shows the monthly precipitation means, standard deviations and coefficient of

variations.

Overall, according to the average of 17 stations winter, spring and annual
precipitation increased by 1, 3, and 1 mm whereas summer and fall season precipitation
decreased by 10 and 2 mm respectively. The standard deviations and coefficient of
variations were very high. Precipitation varied lot from one station to others and between

the months and years.
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3.8 The surface climate data in comparison to the upper air model data for

selected nine (GCON) stations

There are significant increasing trends in spring surface mean temperature
between 1961-2004 years. The highest temperature increase (2.52°C) for last 44 years
was in Moron whereas the lowest (0.85°C) was in Uliastai (Table. 2.17).

ECMWEF data at 700 mb level had also increasing trends except one in
Dalanzadgad (-0.2°C). The highest temperature increase (1.07°C) for 42 years (1961-
2002) was in Moron (consistent with surface) and the lowest was (0.29°C) in Arvaikheer.

NCEP data at 700 mb level had decreasing (opposite than ECMWEF and surface)
trends except one in Choibalsan (0.3°C). The highest temperature decrease (-1.07°C) for
last 45 years (1961-2005) was in Moron (opposite than ECMWEF and surface) and the
lowest (-0.29°C) was in Arvaikheer (consistent with ECMWF but not with NCEP).

ECMWEF data at 500 mb level had mainly increasing trends except in Khovd (-
0.07°C), Arvaikheer (-0.31°C), Mandalgovi (-0.37°C), and Dalanzadgad (-0.94°C). The
highest temperature increase (0.79°C) was in Moron (consistent with surface) and the
lowest was (0.22°C) was in Choibalsan. NCEP data at 500 mb level had decreasing
(opposite than ECMWEF and surface) trends except one in Ulaangom (0.69°C). The
highest temperature decrease (-1.96°C) was in Dalanzadgad and the lowest (-0.67°C) was
in Moron.

During the spring the surface temperature had increasing trend that is consistent
with ECMWEF temperature trends but opposite with NCEP trends. The NCEP data
indicate that mostly cooling occurred but was not significant. The upper air model data

and surface data had different trends at different stations.
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There are significant increasing trends in summer surface mean temperature
between 1961-2004 years. The highest temperature increase (2.13°C) was in Moron
whereas the lowest (0.87°C) was in Ulaangom (Table 2.18).

ECMWEF data at 700 mb level had also increasing trends except in Dalanzadgad (-
0.14°C) and Choibalsan (-0.11°C). The highest temperature increase (1.1°C) was in
Uliastai and the lowest was (0.41°C) was in Mandalgovi. NCEP data at 700 mb level had
decreasing trends except one in Ulaangom (0.13°C). The highest temperature decrease (-
2.08°C) was in Dalanzadgad and the lowest (-0.11°C) was in Choibalsan.

ECMWEF data at 500 mb level had mainly increasing trends except in
Dalanzadgad (-0.14°C) and Choibalsan (-0.008°C). The highest temperature increase
(1.16°C) was in Ulaangom and the lowest was (0.12°C) was in Mandalgovi. NCEP data
at 500 mb level had decreasing trends except one in Ulaangom (0.04°C). The highest
temperature decrease (-1.54°C) was in Arvaikheer and the lowest (-0.52°C) was in
Khovd.

During the summer the surface temperature had increasing trend but it was not
consistent with troposphere levels. NCEP data had decreasing trends but ECMWF data
had different trends for different stations. There was no significant summer trend in upper
air temperature.

There are significant increasing trends in fall surface temperature between 1961-
2004 years. The highest temperature increase (2.41°C) was in Moron whereas the lowest
(0.74°C) was in Bulgan (Table 2.19).

ECMWEF data at 700 mb level had also increasing trends. The highest temperature

increase (1.46°C) was in Uliastai and the lowest was (0.62°C) was in Choibalsan. NCEP
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data at 700 mb level had decreasing trends except in Khovd (0.44°C) and Ulaangom
(0.48°C). The highest temperature decrease (-1.14°C) was in Mandalgovi and Bulgan (-
1.14°C) whereas the lowest (-0.004°C) was in Choibalsan.

ECMWEF data at 500 mb level had increasing trends. The highest temperature
increase (1.46°C) was in Moron and the lowest was (0.3°C) was in Dalanzadgad. NCEP
data at 500 mb level had decreasing trends except one in Ulaangom (0.86°C). The highest
temperature decrease (-0.73°C) was in Dalanzadgad and the lowest (-0.05°C) was in
Choibalsan.

During the fall season surface and ECMWF temperature had increasing trends
whereas NCEP data had mostly decreasing trends.

There are significant increasing trends in winter surface mean temperature
between 1961-2004 years. The highest temperature increase (4.71°C) was in Khovd
whereas the lowest (1.06°C) was in Bulgan (Table 2.19).

ECMWEF data at 700 mb level had also increasing trends. The highest temperature
increase (2.82°C) was in Mandalgovi and the lowest was (1.48°C) was in Ulaangom.
NCEP data at 700 mb level had increasing trends. The highest temperature increase
(2.46°C) was in Choibalsan and the lowest (0.91°C) was in Arvaikheer.

ECMWEF data at 500 mb level had increasing trends. The highest temperature
increase (2.01°C) was in Bulgan and the lowest was (1.12°C) was in Dalanzadgad. NCEP
data at 500 mb level had increasing trends: the highest temperature increase (1.17°C) was
in Choibalsan and the lowest (0.32°C) was in Dalanzadgad.

During the winter the highest temperature increase occurred throughout the

country and it was consistent at the surface and troposphere levels.
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There are significant increasing trends in annual surface mean temperature
between 1961-2004 years. The highest temperature increase (2.49°C) was in Moron
whereas the lowest (1.24°C) was in Bulgan (Table 2.20).

ECMWEF data at 700 mb level had also increasing trends. The highest temperature
increase (1.77°C) was in Mandalgovi and the lowest was (0.9°C) was in Dalanzadgad.
NCEP data at 700 mb level had mainly decreasing trends. The highest temperature
decrease (-0.55°C) was in Dalanzadgad and the lowest (-0.1°C) was in Uliastai.
Increasing trends observed in remaining 4 stations. The highest increase (0.6°C) was in
Khovd whereas the lowest (0.05°C) was in Moron.

ECMWEF data at 500 mb level had increasing trends. The highest temperature
increase (1.36°C) was in Moron and the lowest was (0.24°C) was in Dalanzadgad. NCEP
data at 500 mb level had decreasing trends. The highest temperature decrease (-0.79°C)
was in Dalanzadgad and the lowest (-0.06°C) was in Moron.

Annually, surface and ECMWF temperature had increasing trends whereas NCEP
data had mostly decreasing trends.

According to the multivariate correlation, the most of the surface, ECMWEF and
NCEP data were very well correlated with each other (Table 2.21).

I'Y. CONCLUSIONS

We analyzed 17 stations’ mean temperature trends from 1961 to 2004. According
to the linear trend, the highest annual and seasonal temperature changes mostly occurred
in the coldest north western mountain area of the country. The least changes occurred in
the eastern plain. The results supported our hypotheses that the most temperature increase

occurred during the winter months. We also analyzed maximum and minimum

60



temperature trends for the years 1961-2003 annually and seasonally. The annual Tpmax
significantly increased at eleven stations and slightly (not significant) increased at eight
stations. Mostly, the maximum temperature significantly increased in winter and summer
seasons and slightly increased during spring and fall seasons. Some of the stations had
decreasing trends but none were significant. The annual minimum temperature
significantly increased at sixteen stations and slightly decreased at Ondorkhaan station.
Mostly, the minimum temperature significantly increased in the winter and summer, and
slightly increased during the spring and fall seasons. Only the Ondorkhaan station had
decreasing trends in annual, winter and fall temperatures. Overall, all of the stations had
increasing mean annual temperature trends. Mandalgovi, Dalanzadgad and Sainshand
stations in the Gobi-desert region had above zero annual mean temperatures for the whole
study period. Uliastai and Ulaangom stations, in the Great lake basin had below zero
mean annual temperatures for the whole study period. Bulgan, Altai, Ulaanbaatar and
Baruunkharaa stations in the central regions had below zero mean annual temperatures
for most of the time.

We compared the last ten (1998-2007) years 2 m mean air temperature, effective
temperature and surface heat trends. In addition to that decadal temperature trends to the
long-term trends. We observed the similar trends in seasonal surface heat, effective
temperature and 2 m air temperature for winter, spring and fall at 17 stations but not for
the summer when the air humidity is higher. During the summer, some of the stations (8
out of 17) had opposite temperature and surface heat trends but surface heat and effective
temperature trends are very well correlated with each other. This indicates the

temperature increase (or decrease) does not really mean the surface heat increase (or
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decrease) because it also depends on the humidity (Figs. 2.22 — 2.24). Therefore, we are
suggesting effective temperature as a better metric to evaluate the surface heat change

instead of air temperature.

Most of the stations’ decadal temperature analysis indicate, decreasing trends
during the winter and spring due to very cold winter and spring of 2000, 2002 and
especially 2005, which was not included in the long-term (1961-2004) trend. Ten, 13, 5,
2, and 2 stations had decreasing Tpean trends respectively for winter, spring, summer, fall
and annual, which are opposite from long-term trends. The Ondorkhaan station had

increasing Tmean decadal trend but decreasing long-term trend for the fall and annual.

A total of seventeen climate change indices were calculated using R based
software package and FORTRAN program for the 17 stations during 1961-2001 year
period. They are based on daily temperature values or daily precipitation amount. Data
quality control procedure and simple procedure for detecting inhomogeneities are
integrated in the software packages. According to the 17 climate change indices most of
the stations frost and icing days decreased and summer days, tropical nights, monthly
maximum value of daily minimum and maximum temperatures are increased. In addition
to that, GSL increased at all sites. Clearly, we observed the increasing temperature trend
at most of the stations. Precipitation indices varied a lot and there were no unified

temporal and spatial pattern.

The precipitation varied a lot spatially and temporally. The linear trend diminishes
the biggest monthly changes and the annual and seasonal precipitation changes were not
significant. The most precipitation change occurred in the summer and it mainly

decreased at most of stations. For example Moron station had the most decrease (-44.8
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mm), and next Baruunkharaa (-28.2 mm) and Ondorkhaan (-22.9 mm) station. According
to the average of 17 stations, winter, spring and annual precipitation increased by 1, 3,
and 1 mm whereas summer and fall season precipitation decreased by 10 and 2 mm

respectively. The standard deviations and coefficient of variations were very high.

We compared the surface temperature data to the upper air (at 500 and 700 mb
level) ECMWEF and NCEP model data for the selected nine (GCON) stations. According
to the multivariate correlations, the most of the surface and ECMWF data well correlated

with each other but NCEP data were a little different.
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Table 2.1 Annual mean temperature change for 17 stations. Station latitude, longitude,
elevation, linear regression equation, R-square and temperature change (s Tann.) for
the period (1961-2004) are shown.

Station name & ID Lat. Long. Elevation | Regression equation | R? ATann.
Khovd, 44218 48°01° | 91°39’ 1406 | y = 0.0554x-1.25 0.36 | 244
Moron, 44231 49°55” | 100°15’ 1288 | y = 0.0565x-1.27 0.46 | 2.49
Uliastai, 44272 47°45° | 96°51’ 1767 | y=0.0361x-0.81 0.28 | 1.59
Ulaangom, 44212 49°48° | 92°05’ 940 | y=0.053x-1.19 0.37 | 2.33
Dalanzadgad, 44373 43°25° | 104°25’ 1470 | y =0.0467x-1.05 0.45 | 2.05
Bulgan, 44239 48°48’ | 103°33’ 1210 | y =0.0282x-0.64 024 | 1.24
Mandalgovi, 44341 45°46° | 106°17’ 1393 | y = 0.0402x-0.90 0.38 | 1.77
Arvaikheer, 44288 46°16° | 102°47° 1813 | y = 0.0555x-1.47 0.47 | 2.00
Choibalsan, 44259 48°05° | 114°33’ 756 | y =0.0401x-0.90 032 | 1.76
Ulaanbaatar, 44292 47°56° | 106°54’ 1306 | y =0.0434x-1.15 0.38 | 1.91
Baruunkharaa, 44241 | 48°55° | 106°04’ 807 | y =0.0424x-0.95 0.46 | 1.87
Altai, 44277 46°24° | 96°15’ 2183 | y = 0.0348x-0.78 0.26 | 1.53
Tsetserleg, 44282 47°27° | 101°28’ 1693 | y = 0.0364x-0.82 032 | 1.60
Ondorkhaan, 44304 47°19’ | 110°38’ 1033 | y =0.0086x-0.19 0.02 | 0.38
Choir, 44298 46°27° | 108°13’ 1286 | y = 0.0366x-0.82 031 161
Sainshand, 44354 44°54° | 110°07” 936 | y =0.0268x-0.60 021 | 1.18
Bayankhongor, 44287 | 46°08’ | 100°41° 1859 | y = 0.0401x-0.94 031 ] 1.76

Table 2.2 Winter and summer mean temperature changes for 17 stations. The linear
regression equation, R-square and temperature change (ATwin. and s Tsymm,) for the

study period shown for winter and summer respectively.

Station name & ID Regression equation R? ATwin. | Regression equation R? AT summ.
Khovd 44218 y =0.1095x-2.41 0.17 | 4.71 | y=0.0334x-0.75 0.19 1.47
Moron 44231 y =0.0727x-1.60 0.13 | 3.13 | y=0.0483x-1.09 0.29 2.13
Uliastai 44272 y = 0.0695x-1.53 0.20 | 2.99 | y=0.0328x-0.74 0.13 1.44
Ulaangom 44212 y = 0.0948x-2.09 0.30 | 4.08 | y=0.0198x-0.45 0.07 0.87
Dalanzadgad 44373 | y =0.0991x-2.18 0.31 | 4.26 | y=0.0379x-0.85 0.22 1.67
Bulgan 44239 y =0.0247x-0.94 0.09 | 1.06 | y=0.0293x-0.66 0.12 1.29
Mandalgovi 44341 y = 0.059x-1.30 0.16 | 2.54 | y=0.0425x-0.96 0.26 1.87
Arvaikheer 44288 y = 0.0642x-1.67 0.20 | 2.25 | y=0.0569x-1.51 0.24 2.05
Choibalsan 44259 y =0.0509x-1.12 0.10 | 2.19 | y=0.0354x-0.80 0.18 1.56
Ulaanbaatar 44292 y =-0.004x+0.11 0.00 | -0.18 | y=0.0717x-1.90 0.31 3.15
Baruunkharaa 44241 | y = 0.0483x-1.06 0.12 | 2.08 | y=0.0568x-1.28 0.28 2.44
Altai 44277 y =0.0673x-1.48 0.19 | 2.89 | y=0.032x-0.72 0.13 1.41
Tsetserleg 44282 y =0.0517x-1.14 0.14 | 2.22 | y=0.0402x-0.90 0.22 1.77
Ondorkhaan 44304 | y =-0.018x+0.40 0.01 | -0.78 | y =0.0296x-0.67 0.14 1.30
Choir 44298 y = 0.0464x-1.02 0.08 | 2.00 | y=0.0354x-0.80 0.19 1.52
Sainshand 44354 y =0.0387x-0.85 0.06 | 1.66 | y=0.0217x-0.49 0.09 0.95
Bayankhongor44287 | y =0.0737x-1.70 0.19 | 3.17 | y=0.0392x-0.92 0.20 1.69

69




Table 2.3 Spring and fall mean temperature changes for 17 stations. The linear regression
equation, R-square and temperature change (aTspr. and ATran) for the study period

are shown for spring and fall respectively.

Station name & ID Regression equation | R? ATsr | Regression equation R’ ATz
Khovd 44218 y = 0.0421x-0.95 0.13 | 1.85 | y=0.0304x-0.68 0.09 | 1.34
Moron 44231 y = 0.0572x-1.29 0.25 | 2.52 | y=0.0548x-1.23 0.24 | 2.41
Uliastai 44272 y =0.0193x-0.43 0.03 | 0.85 | y=0.0232x-0.52 0.05 | 1.02
Ulaangom 44212 y = 0.0559x-1.26 0.21 | 2.46 | y=0.0426x-0.96 0.13 | 1.87
Dalanzadgad 44373 | y =0.0272x-0.61 0.09 | 1.20 | y =0.0294x-0.66 0.13 | 1.29
Bulgan 44239 y = 0.0299x-0.67 0.09 | 1.32 | y=0.0169x-0.38 0.04 | 0.74
Mandalgovi 44341 y = 0.0375x-0.84 0.14 | 1.65 | y=0.0273x-0.61 0.08 | 1.20
Arvaikheer 44288 y = 0.0579x-1.53 0.20 | 2.08 | y=0.0256x-0.68 0.05 | 0.92
Choibalsan 44259 y =0.051x-1.15 0.18 | 2.24 | y=0.0248x-0.56 0.07 | 1.09
Ulaanbaatar 44292 y = 0.074x-1.36 0.28 | 3.26 | y=0.014x-0.37 0.01 | 0.62
Baruunkharaa 44241 | y = 0.0456x-1.03 0.16 | 1.20 | y =0.0194x-0.44 0.03 | 0.85
Altai 44277 y = 0.013x-0.29 0.01 | 0.57 | y=0.0281x-0.63 0.08 | 1.24
Tsetserleg 44282 y = 0.0339x-0.76 0.11 | 1.49 | y=0.0257x-0.58 0.08 | 1.13
Ondorkhaan 44304 | y =0.0205x-0.46 0.03 | 0.88 | y =0.0096x-0.22 0.01 | 0.42
Choir 44298 y = 0.0403x-0.91 0.13 | 1.77 | y=0.0301x-0.68 0.08 | 1.32
Sainshand 44354 y =0.0318x-0.72 0.12 | 1.40 | y=0.0233x-0.52 0.07 | 1.03
Bayankhongor44287 | y = 0.0307x-0.72 0.08 | 1.35 | y=0.0293x-0.69 0.09 | 1.29

Table 2.4 Annual maximum temperature changes for 17 stations. Station
longitude, elevation, linear regression equation, R-square and temperature change
(aTann.) for the study period (1961-2003) are shown.

latitude,

Station name & ID Lat. Long. Elevation | Regression equation R? ATamn.
Khovd, 44218 48°01 91°39° 1406 | y=0.0271x-0.5956 | 0.09 | 1.19
Moron, 44231 49°55” | 100°15° 1288 | y = 0.034x - 0.749 0.20 | 1.50
Uliastai, 44272 47°45 96°51° 1767 | y=0.034x - 0.7479 0.19 | 1.50
Ulaangom, 44212 49°48’ 92°05° 940 | y=0.0333x-0.7325 | 0.11 | 1.47
Dalanzadgad, 44373 43°25’ | 104°25° 1470 | y=0.0188x -0.4145 | 0.08 | 0.83
Bulgan, 44239 48°48’ | 103°33° 1210 | y=0.0182x - 0.4013 | 0.08 | 0.80
Mandalgovi, 44341 45°46’ | 106°17° 1393 | y=0.0291x-0.6277 | 0.20 | 1.28
Arvaikheer, 44288 46°16° | 102°47° 1813 | y=0.0224x - 0.4027 | 0.02 | 0.78
Choibalsan, 44259 48°05 | 114°33° 756 | y=0.0276x-0.6079 | 0.11 | 1.21
Ulaanbaatar, 44292 47°56’ | 106°54 1306 | y=0.0446x-0.8021 | 0.31 | 1.56
Baruunkharaa, 44241 48°55’ | 106°04° 807 | y=0.0251x-0.5533 | 0.11 | 1.10
Altai, 44277 46°24° 96°15° 2183 | y=0.0324x - 0.712 020 | 1.43
Tsetserleg, 44282 47°27’ | 101°28° 1693 | y=0.0324x-0.7121 | 0.18 | 1.43
Ondorkhaan, 44304 47°19’ | 110°38° 1033 | y=0.0113x-0.2493 | 0.02 | 0.50
Choir, 44298 46°27’ | 108°13° 1286 | y=0.0249x -0.5414 | 0.12 | 1.10
Sainshand, 44354 44°54’ | 110°07° 936 | y=0.0134x-0.2957 | 0.03 | 0.59
Bayankhongor, 44287 | 46°08° | 100°41’ 1859 | y=0.0379x-0.8714 | 0.28 | 1.59
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Table 2.5 Winter and summer maximum temperature changes for 17 stations. The linear
regression equation, R-square and temperature change (aTwin. and ATsumm.) for the

study period are shown for winter and summer respectively.

Station name & 1D Regression equation | R? ATwin. | Regression equation | R? AT summ.
Khovd 44218 Y =0.063x - 1.35 0.06 | 2.70 | Y =0.03x-0.66 0.13 1.32
Moron 44231 Y =0.035x - 0.75 0.03 | 150 | Y =0.045x-0.98 0.15 1.96
Uliastai 44272 Y =0.064x - 1.13 0.15| 2.73 | Y =0.038x-0.83 0.12 1.65
Ulaangom 44212 Y =0.096x - 2.05 0.25| 4.11 | Y =0.023x -0.50 0.07 1.00
Dalanzadgad 44373 | Y =0.071x- 1.5 0.14 | 3.06 | Y =0.027x - 0.60 0.11 1.21
Bulgan 44239 Y =0.028x - 0.59 0.03| 1.19 | Y =0.031x-0.69 0.08 1.38
Mandalgovi 44341 Y =0.065x - 1.37 0.13 | 2.79 | Y =0.038x - 0.82 0.15 1.68
Arvaikheer 44288 Y =-0.015x-0.26 0.00 | -0.50 | Y =0.045x-0.81 0.06 1.57
Choibalsan 44259 Y =0.025x - 0.54 0.02 | 1.08 | Y =0.015x-0.34 0.03 0.67
Ulaanbaatar 44292 Y =0.013x - 0.22 0.01 | 043 ]| Y=0.062x-1.11 0.18 2.16
Baruunkharaa 44241 | Y =-0.009x +0.19 0.00 | -0.39 | Y =0.067x - 1.48 0.27 2.96
Altai 44277 Y =0.058x - 1.24 0.17 | 2.49 | Y=0.043x-0.9 0.13 1.88
Tsetserleg 44282 Y =0.050x - 1.08 0.09 | 2.16 | Y =0.049x - 1.07 0.18 2.15
Ondorkhaan 44304 | Y =-0.018x +0.38 0.00 | -0.75 | Y =0.037x - 0.80 0.14 1.61
Choir 44298 Y =0.028x - 0.59 0.02 | 1.18| Y =0.036x-0.77 0.13 1.56
Sainshand 44354 Y =0.016x - 0.35 0.01 | 0.70 | Y =0.014x-0.31 0.03 0.62
Bayankhongor44287 | Y =0.072x - 1.62 0.17 | 2.96 | Y =0.039x - 0.89 0.18 1.62

Table 2.6 Spring and fall max temperature changes for 17 stations. The linear regression
equation, R-square and temperature change (aTspr. and ATra) for the study period

are shown for spring and fall respectively.

Station name & 1D Regression equation | R? AT | Regression equation R? ATz
Khovd 44218 y = 0.026x - 0.56 0.05| 1.13 | y=0.012x-0.26 0.01| 0.83
Moron 44231 y =0.035x - 0.77 0.09 | 154 | y=0.016x-0.36 0.02 | 0.70
Uliastai 44272 y =0.010x - 0.23 0.01| 0.45|y=0.017x-0.38 0.02 | 0.76
Ulaangom 44212 y =0.056x - 1.24 0.20 | 2.44 | y=0.020x - 0.43 0.03 | 0.86
Dalanzadgad 44373 | y =-0.001x+0.03 0.00 | -0.06 | y =0.0007x —0.01 0.00 | 0.03
Bulgan 44239 y =0.024x - 0.54 0.05 | 1.07 | y=0.0005x —0.01 0.00 | 0.02
Mandalgovi 44341 y =0.025x - 0.53 0.06 | 1.08 | y=0.015x-0.31 0.02 | 0.64
Arvaikheer 44288 y =0.018x-0.32 0.01| 0.62 | y=-0.016x+0.29 0.06 | -0.56
Choibalsan 44259 y =0.026x - 0.57 0.04 | 1.13 | y=10.003x - 0.06 0.00| 0.11
Ulaanbaatar 44292 y =0.063x - 1.13 0.17 | 2.21 | y=0.015x-0.27 0.01| 0.53
Baruunkharaa 44241 | y = 0.040x - 0.88 0.11 | 1.76 | y=-0.023x + 0.51 0.03 | -1.01
Altai 44277 y =0.006x - 0.14 0.00 | 0.28 | y=10.018x - 0.40 0.03| 0.81
Tsetserleg 44282 y =0.018x - 0.39 0.02 | 0.78 | y=0.013x-0.28 0.01| 0.56
Ondorkhaan 44304 y =0.021x - 0.47 0.03 | 0.94 | y=0.005x-0.11 0.00 | 0.22
Choir 44298 y =0.022x - 0.49 0.03 | 0.99 | y=0.006x-0.12 0.00 | 0.25
Sainshand 44354 y =-0.036x+0.17 0.02 | -1.59 | y=0.001x - 0.02 0.00 | 0.00
Bayankhongor44287 | y = 0.025x - 0.59 0.05| 1.07 | y=0.028x - 0.65 0.08 | 1.19
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Table 2.7 Annual minimum temperature changes for 17 stations. Station latitude,
longitude, elevation, linear regression equation, R-square and temperature change
(aTann,) for the study period (1961-2003) are shown.

Station name & ID Lat. Long. Elevation | Regression equation R? ATann.
Khovd, 44218 48°01° | 91°39’ 1406 | y =0.0704x - 1.548 044 | 3.13
Moron, 44231 49°55” | 100°15’ 1288 | y=0.0778x - 1.712 0.59 | 3.42
Uliastai, 44272 47°45° | 96°51’ 1767 | y =0.032x - 0.7037 021 | 1.41
Ulaangom, 44212 49°48° | 92°05’ 940 | y =0.0453x - 0.996 0.19 | 1.99
Dalanzadgad, 44373 | 43°25° | 104°25° 1470 | y=0.0577x-1.2684 | 0.57 | 2.54
Bulgan, 44239 48°48’ | 103°33’ 1210 | y=0.0249x - 0.5469 | 0.15 | 1.10
Mandalgovi, 44341 45°46° | 106°17’ 1393 | y=0.0433x-0.9328 | 0.42 | 1.91
Arvaikheer, 44288 46°16° | 102°47’ 1813 | y =0.0651x-1.1724 0.25 | 2.28
Choibalsan, 44259 48°05° | 114°33’ 756 | y=0.0276x-0.6079 | 0.11 | 1.21
Ulaanbaatar, 44292 47°56° | 106°54’ 1306 | y=0.0604x - 1.0865 | 0.48 | 2.11
Baruunkharaa, 44241 | 48°55’ | 106°04 807 | y=0.0685x - 1.5071 | 0.52 | 3.01
Altai, 44277 46°24° | 96°15’ 2183 | y=0.0265x-0.5828 | 0.16 | 1.17
Tsetserleg, 44282 47°27° | 101°28’ 1693 | y=0.0374x-0.8226 | 0.35 | 1.65
Ondorkhaan, 44304 47°19’ | 110°38’ 1033 | y=-0.0074x + 0.1635 | 0.01 | -0.33
Choir, 44298 46°27° | 108°13’ 1286 | y=0.0323x-0.7009 | 0.25 | 1.42
Sainshand, 44354 44°54° | 110°07’ 936 | y=0.0381x-0.8376 | 0.38 | 1.68
Bayankhongor, 44287 | 46°08° | 100°41’ 1859 | y=0.0499x - 1.1479 | 0.41 | 2.10

Table 2.8 Winter and summer minimum temperature changes for 17 stations. The linear
regression equation, R-square and temperature change (ATwin. and ATsumm.) for the
study period are shown for winter and summer respectively.

Station name & ID Regression equation R? ATwin. | Regression equation R? AT summ.
Khovd 44218 y =0.125x - 2.68 0.20 | 5.36 | y=0.052x - 1.15 0.36 2.29
Moron 44231 y =0.084x - 1.81 0.18 | 3.62 | y=0.066x - 1.44 0.50 2.89
Uliastai 44272 y =0.068x - 2.51 0.18 | 2.93 | y=0.026x - 0.58 0.17 1.15
Ulaangom 44212 y =0.070x - 1.51 0.14 | 3.03 | y=0.023x-0.50 0.11 1.01
Dalanzadgad 44373 | y=0.109x - 2.34 0.38 | 4.68 | y=0.051x-1.12 0.39 2.24
Bulgan 44239 y =0.031x - 0.67 0.05| 1.33 | y=0.028x - 0.62 0.17 1.24
Mandalgovi 44341 y =0.073x - 1.53 0.23 | 3.12 | y=0.046x-0.99 0.37 2.02
Arvaikheer 44288 y =0.080x - 1.41 0.27 | 2.73 | y=0.059x - 1.06 0.16 2.06
Choibalsan 44259 y =0.025x - 0.54 0.02 | 1.08 | y=0.015x-0.34 0.03 0.67
Ulaanbaatar 44292 y =0.034x - 0.60 0.06 | 1.16 | y=0.062x-1.12 0.36 2.18
Baruunkharaa 44241 | y =0.085x - 1.83 0.28 | 3.66 | y=0.060x - 1.31 0.38 2.63
Altai 44277 y =0.050x - 1.07 0.10 | 2.15 | y=0.027x - 0.60 0.15 1.20
Tsetserleg 44282 y =0.055x - 1.18 0.17 | 2.37 | y=0.035x-0.78 0.34 1.55
Ondorkhaan 44304 | y =-0.036x+ 0.78 0.04 | -1.56 | y=0.018x-0.40 0.06 0.79
Choir 44298 y =0.031x - 0.66 0.05| 1.32 | y=0.024x-0.51 0.13 1.03
Sainshand 44354 y =0.042x - 0.90 0.07 | 1.79 | y=0.024x - 0.54 0.19 1.07
Bayankhongor44287 | y = 0.069x - 1.52 0.16 | 2.89 | y=0.044x-1.01 0.30 1.84
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Table 2.9 Spring and fall minimum temperature changes for 17 stations. The linear
regression equation, R-square and temperature change (aTspr. and ATra) for the

study period are shown for spring and fall respectively.

Regression Regression
Station name & ID | equation R®> | AT | equation R® | ATt
Khovd 44218 y=0.051x-1.12 0.21 | 2.24 | y=0.039x - 0.85 0.12 | 1.70
Moron 44231 y =0.078x - 1.78 0.38 | 3.44 | y=0.080x-1.75 0.37 | 3.50
Uliastai 44272 y =0.011x - 0.23 0.01 | 0.47 | y=0.015x-0.33 0.02 | 0.67
Ulaangom 44212 y =0.049x - 1.10 0.14 | 2.16 | y=0.039x - 0.85 0.08 | 171
Dalanzadgad 44373 | y =0.037x - 0.82 0.18 | 1.64 | y=0.041x-0.89 0.23 | 1.78
Bulgan 44239 y =0.028x - 0.61 0.07 | 1.21 | y=0.009x - 0.20 0.01 | 0.40
Mandalgovi 44341 | y =0.048x - 1.03 0.23 | 2.11 | y=0.030x - 0.64 0.10 | 1.32
Arvaikheer 44288 y =0.070x - 1.26 0.17 | 2.46 | y=0.026x - 0.47 0.03 | 0.91
Choibalsan 44259 y = 0.026x - 0.57 0.04 | 1.13 | y=0.003x - 0.06 0.00 | 0.11
Ulaanbaatar 44292 y = 0.093x - 1.67 0.41 | 3.25 | y=0.025x - 0.45 0.04 | 0.88
Baruunkharaa 44241 | y =0.071x - 1.56 0.31 | 3.12 | y=0.037x-0.82 0.12 | 1.64
Altai 44277 y = 0.004x - 0.09 0.00 | 0.08 | y=0.017x - 0.37 0.03 | 0.73
Tsetserleg 44282 y =0.018x - 0.39 0.02 | 0.78 | y=0.025x - 0.56 0.10 | 1.11
Ondorkhaan 44304 | y =0.002x - 0.04 0.00 | 0.08 | y=-0.017x +0.38 0.03 | -0.76
Choir 44298 y = 0.038x - 0.83 0.12 | 1.69 | y=0.016x-0.35 0.03 | 0.70
Sainshand 44354 y = 0.049x - 1.02 0.26 | 2.16 | y=0.026x - 0.58 0.09 | 1.16
Bayankhongor44287 | y = 0.041x - 0.95 0.15| 1.73 | y=0.034x-0.79 0.10 | 1.43

Table 2.10 Seventeen stations’ seasonal and annual surface heat (kJ kg™) change for the

last 10 years (1998-2007).

Station name & 1D JHewin, | sHespr. | 4Hesum. | Hefall | ,Heann.
Khovd, 44218 -4.99 -4.04 -6.81 -1.41 -4.29
Moron, 44231 -1.85 0.04 1.82 2.37 0.64
Uliastai, 44272 -1.46 0.26 -0.57 0.31 -0.15
Ulaangom, 44212 -2.02 -1.66 -3.54 0.30 -1.72
Dalanzadgad, 44373 -2.27 -3.49 -7.47 -0.37 -4.22
Bulgan, 44239 -3.05 -2.17 -0.66 0.50 -1.14
Mandalgovi, 44341 0.70 -3.94 -6.02 -1.37 -2.77
Arvaikheer, 44288 0.43 0.45 -2.46 0.25 -0.21
Choibalsan, 44259 -2.52 -2.35 -2.19 1.35 -1.20
Ulaanbaatar, 44292 -0.75 -2.49 2.12 1.77 0.73
Baruunkharaa, 44241 0.52 0.40 3.16 3.66 2.26
Altai, 44277 -0.75 0.65 -1.84 -1.49 -0.85
Tsetserleg, 44282 -0.85 -1.15 -1.74 0.22 -0.75
Ondorkhaan, 44304 -0.47 -2.55 -2.71 1.03 -0.79
Choir, 44298 1.64 -2.11 -0.17 2.32 0.74
Sainshand, 44354 -2.31 -0.64 4.09 3.92 0.95
Bayankhongor, 44287 0.39 1.34 2.33 1.03 1.19
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Table 2.11 Seventeen stations’ seasonal and annual mean temperature (°C) change for the
last 10 years (1998-2007).

Station name & 1D ATwin. ATspr. ATsum. ATfaII ATann.
Khovd, 44218 -4.14 | -0.31 | -0.61 | -0.15 | -1.27
Moron, 44231 -1.81 | 0.05| 0.14| 1.47 | 0.00
Uliastai, 44272 -1.43 | -0.17 | -0.45| 0.18 | -0.38
Ulaangom, 44212 -1.99 | -0.98 | -0.36 | 0.75 | -0.62
Dalanzadgad, 44373 | -1.49 | -0.24 | 0.29 | 0.25 | -0.26
Bulgan, 44239 -2.32 | -085| 0.41| 0.68 | -0.36
Mandalgovi, 44341 0.04|-091| 135] 163 | 0.72
Arvaikheer, 44288 038 031| 048 | 121 | 0.73
Choibalsan, 44259 -220 | -193 | 230 | 2.89 | 0.46

Ulaanbaatar, 44292 -093 | -161| 255| 198 | 0.71
Baruunkharaa, 44241 028 |-161| 0.31| 2.01| 0.54

Altai, 44277 -0.98 | 0.06 | -0.28 | -0.41 | -0.35
Tsetserleg, 44282 -042 | 052 035| 1.18 | 0.52
Ondorkhaan, 44304 -016 | -1.72 | 196 | 3.25| 1.17
Choir, 44298 161 |-150| 173 | 267 | 141
Sainshand, 44354 137 -095| 188 | 268 | 151

Bayankhongor, 44287 | 0.34 | -0.08 | -0.05 | 0.49 | 0.11

Table 2.12 Seventeen stations’ seasonal and annual effective temperature (T¢) change in
degrees Celsius for the last 10 years (1998-2007).

Station name & 1D ATewin, | 4Tespr. | 4Tesum, | 4Tefall | 4Teann
Khovd, 44218 -496 | -4.02 -0.68 | -1.40 -4.27
Moron, 44231 -1.84 0.04 1.81 2.36 0.63
Uliastai, 44272 -1.45 0.25 0.56 | -0.31 -0.15
Ulaangom, 44212 -2.01| -1.65 -3.563 0.30 -1.71
Dalanzadgad, 44373 -2.26 | -3.47 -7.43 | -3.71 -4.20
Bulgan, 44239 -3.03 | -2.16 -0.65 0.50 -1.14
Mandalgovi, 44341 -0.70 | -3.92 -5.99 | -1.36 -2.76
Arvaikheer, 44288 0.43 0.45 -2.45 0.25 -0.21
Choibalsan, 44259 -251 | -2.34 -2.18 1.35 -1.19
Ulaanbaatar, 44292 0.75 | -2.48 2.11 1.77 0.72
Baruunkharaa, 44241 0.52 0.40 3.14 3.64 2.25
Altai, 44277 -0.74 0.65 -1.83 | -1.48 -0.85
Tsetserleg, 44282 -0.84 | -1.15 -1.73 0.22 -0.75
Ondorkhaan, 44304 -0.46 | -2.53 -2.70 1.02 -0.78
Choir, 44298 1.63| -2.10 -0.17 2.31 0.73
Sainshand, 44354 -2.30 | -0.63 4.07 3.90 0.94
Bayankhongor, 44287 0.39 1.33 2.31 1.02 1.18
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Table 2.13 Temperature indices’ trend slopes, standard deviations and p-values.

Stid & Name | Indices | su25 ido  tr20 fdO XX txn tnx tnn Dtr

44218 Slope 044 -0.07 005 -0.36 0.05 0.08 0.09 015 -0.04
Khovd Stdev 0.17 014 001 0.08 0.03 0.04 0.02 0.05 0.01
P-value | 0.01 061 0.00 0.00 0.3 0.08 0.00 0.00 0.00

44231 Slope 050 -0.04 0.01 -0.63 0.07 0.08 007 013 -0.04
Moron Stdev 0.18 013 0.00 0.09 003 0.05 002 004 0.01
P-value | 0.01 073 001 000 0.02 013 0.00 0.00 0.00

44272 Slope 050 -0.09 0.00 -0.16 0.08 0.06 0.07 0.04 0.00
Uliastai Stdev 015 015 0.00 0.08 003 0.3 002 003 0.01
P-value | 0.00 056 0.17 005 001 0.08 0.00 0.22 0.55

44212 Slope 0.14 -019 001 -0.12 0.01 0.12 0.04 0.08 0.00
Ulaangom Stdev 0.18 0.11 001 0.08 0.03 0.04 002 0.03 0.01
P-value | 047 010 0.17 0.15 0.76 0.00 0.02 0.03 0.95

44373 Slope 028 -025 0.23 -0.36 0.03 0.08 0.05 010 -0.04
Dalanzadgad | Stdev 0.12 014 0.06 0.08 0.02 0.05 0.02 0.03 0.00
P-value | 0.02 0.08 0.00 0.00 0.13 0.07 0.02 0.00 0.00

44239 Slope 033 -0.10 0.00 -0.23 0.06 0.01 0.05 0.03 -0.01
Bulgan Stdev 0.16 014 0.00 0.09 0.03 0.04 0.02 0.04 0.01
P-value | 0.04 048 0.17 001 0.02 081 0.02 048 0.43

44341 Slope 0.53 -0.10 0.06 -0.26 0.06 0.08 0.07 0.07 -0.01
Mandalgovi | Stdev 0.15 0.14 002 0.09 0.02 003 002 003 0.01
P-value | 0.00 046 0.01 001 0.02 045 0.00 0.06 0.05

44288 Slope 039 -0.11 0.02 -052 0.07 0.05 011 011 -0.04
Arvaikheer | Stdev 017 026 001 020 003 0.06 003 004 0.01
P-value | 0.02 067 010 002 002 038 0.00 0.02 0.00

44259 Slope 0.00 -0.04 005 -032 001 0.04 002 0.07 -0.03
Choibalsan | Stdev 014 014 003 0.08 003 0.04 002 003 0.01
P-value | 098 0.79 005 000 082 033 030 0.03 0.00

44292 Slope 053 -0.25 0.04 -0.60 0.08 001 0.09 0.02 -0.02
Ulaanbaatar | Stdev 020 0.18 0.02 0.08 0.03 0.05 0.03 0.05 0.01
P-value | 0.01 016 0.01 0.00 0.02 0.78 0.01 0.68 0.03

44241 Slope 055 010 0.05 -048 0.09 -0.02 010 0.11 -0.04
Baruunkharaa | Stdev 0.15 013 0.01 0.06 0.03 0.04 0.03 0.03 0.01
P-value | 0.00 046 0.00 0.00 0.00 0.58 0.00 0.00 0.00

44277 Slope 0.18 -0.07 0.00 -0.13 0.04 0.08 0.04 0.08 0.01
Altai Stdev 0.06 013 0.00 0.07 0.02 0.04 0.02 0.03 0.01

P-value | 0.01 059 NA 009 0.08 0.04 0.07 0.03 0.27
44282 Slope 040 -0.09 0.00 -0.39 0.05 0.08 0.03 0.07 -0.01

Tsetserleg Stdev 012 016 000 0.07 003 0.04 001 0.04 0.01
P-value | 0.00 058 NA 000 0.08 005 0.02 0.08 0.30

44304 Slope 039 003 002 -001 002 -0.05 0.06 -0.05 0.02
Ondorkhaan | Stdev 014 014 001 0.09 003 0.05 002 004 0.01
P-value | 0.01 083 001 089 048 036 000 024 0.01

44298 Slope 047 002 0.06 -0.31 0.06 0.03 004 0.03 0.00

Choir Stdev 0.13 0.14 002 0.09 0.02 004 002 0.04 0.01
P-value | 0.00 091 0.00 0.00 0.01 055 0.04 047 0.74
44354 Slope -0.08 0.03 019 -0.33 0.02 -0.07r 0.04 -0.01 -0.03

Sainshand Stdev 0.12 013 0.06 0.08 0.02 0.03 0.02 0.03 0.01
P-value | 052 084 0.00 0.00 0.37 0.05 0.08 0.79 0.00

44287 Slope 040 006 0.01 -0.37 0.04 0.04 0.08 0.07 -0.04
Bayankhongor | Stdev 0.16 0.18 0.00 0.09 0.03 0.04 0.02 0.04 0.01
P-value | 0.02 0.73 0.04 0.00 0.10 0.30 0.00 0.08 0.00
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Table 2.14 Precipitation indices’ trend slopes, standard deviations and p-values.

Stid & Name | Indices | rxlday rx5day sdii rlOmm r20mm Cdd cwd gsl
44218 Slope 0.03 -0.08 0.00 0.01 -0.01 088 0.01 0.20
Khovd Stdev 0.10 022 002 0.02 001 070 0.01 0.5

P-value | 0.75 070 081 0.3 038 022 043 0.18

44231 Slope -0.17  -035 -0.02 -0.02 -0.01 -0.08 -0.02 0.51
Moron Stdev 0.16 023 001 004 0.02 058 0.02 0.15
P-value | 0.29 013 0.06 056 058 0.89 0.37 0.00

44272 Slope 0.02 026 0.00 0.00 001 -0.23 0.02 0.05
Uliastai Stdev 0.09 0.17 001 004 001 032 0.02 0.16
P-value | 0.81 013 092 0098 038 048 0.29 0.74

44212 Slope 0.12 0.04 -0.02 -0.02 0.00 -0.30 0.03 0.23
Ulaangom Stdev 0.17 022 002 0.03 001 046 001 0.12
P-value | 0.50 087 032 0.60 0.88 051 0.07 0.07

44373 Slope -0.01 0.03 -0.01 -0.04 0.00 -041 0.00 0.19
Dalanzadgad | Stdev 0.14 021 002 0.03 0.01 058 0.02 0.15
P-value | 0.96 0.88 046 0.13 095 048 091 0.21

44239 Slope -0.01 -030 0.00 -0.02 0.02 013 -0.01 0.07
Bulgan Stdev 0.23 025 0.01 0.04 0.02 040 0.02 0.15
P-value | 0.97 023 047 0.72 037 074 056 0.67

44341 Slope -0.24  -037 -0.04 -0.03 -0.01 -094 0.01 0.19
Mandalgovi | Stdev 0.18 025 0.03 0.02 0.02 0.67 0.01 0.16
P-value | 0.19 015 014 013 046 017 0.64 0.24

44288 Slope 0.26 076 001 0.04 0.02 0.01 0.05 0.33
Arvaikheer | Stdev 0.23 031 003 005 002 077 0.02 0.33
P-value | 0.26 002 060 037 039 099 0.03 0.32

44259 Slope -0.02 -032 -0.01 -0.04 0.00 -0.04 0.02 0.11
Choibalsan | Stdev 0.23 030 002 004 002 042 0.02 0.17
P-value | 0.92 029 046 026 090 092 0.22 051

44292 Slope 0.37 036 000 0.04 0.04 -0.32 0.02 040
Ulaanbaatar | Stdev 0.19 033 0.02 0.06 0.03 051 0.03 0.19
P-value | 0.05 029 080 052 020 053 0.56 0.04

44241 Slope -0.61 -081 -0.03 -0.08 -0.04 070 -0.02 041
Baruunkharaa | Stdev 0.40 041 0.02 0.05 0.02 0.30 0.02 0.16
P-value | 0.14 006 011 0.10 0.05 0.03 0.33 0.02

44277 Slope -0.02 026 -0.01 -0.03 0.00 -0.06 0.02 0.14
Altai Stdev 0.13 019 0.01 0.03 001 039 0.02 0.19
P-value | 0.87 019 046 043 093 088 024 044

44282 Slope -0.07  -0.05 -0.01 -0.04 -0.03 -0.29 0.03 0.30
Tsetserleg Stdev 0.16 024 001 003 002 032 0.02 0.20
P-value | 0.65 084 021 023 017 036 019 0.15

44304 Slope -0.11  -024 -0.01 -0.05 -0.01 -0.05 -0.01 0.10
Ondorkhaan | Stdev 0.18 024 002 0.04 0.02 051 0.02 015
P-value | 0.55 034 072 015 067 093 0.63 051

44298 Slope -0.12 -036 0.00 -0.04 -0.02 -012 -0.02 0.38
Choir Stdev 0.16 019 002 0.03 0.02 057 0.01 0.17
P-value | 0.48 0.07 093 0.17 040 0.84 0.16 0.03

44354 Slope 0.10 0.13 0.00 -0.01 0.01 010 0.02 0.46
Sainshand Stdev 0.26 027 0.02 0.03 0.01 070 0.01 0.16
P-value | 0.71 063 095 0.66 066 089 0.11 0.01

44287 Slope 0.04 0.03 -0.05 -0.03 -0.02 -3.69 0.04 0.16
Bayankhongor | Stdev 0.16 0.28 0.02 0.05 0.02 1.84 0.02 0.16
P-value | 0.80 092 0.02 055 049 0.05 0.09 0.33
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Table 2.15 Precipitation change for the last 45 years.

Winter ATwin. ATspr. ATsumm. ATfaII ATann.
Khovd 44218 0.22 | 5.36 0.30 |-0.35| 6.12
Moron 44231 3.23 | 13.82 | -44.71 | -3.44 | -27.78
Uliastai 44272 141 | 505 | -5.72 | -194 | 5.76
Ulaangom 44212 2.88 | 1.56 516 |-1.18 | 6.73
Dalanzadgad 44373 0.97 | -3.00 | -5.25 | -2.19 | -2.27
Bulgan 44239 0.14 | 0.34 | -10.13 | -6.35 | 4.72
Mandalgovi 44341 0.30 | 2.20 | -5.03 | -3.07 | -2.47
Arvaikheer 44288 0.33 | 2.97 0.00 |-3.32| 0.39
Choibalsan 44259 0.00 | 3.24 | -17.43 | -1.62 | 1.47
Ulaanbaatar 44292 215 | 10.02 | -6.76 | -1.52 | 0.96
Baruunkharaa 44241 | -2.46 | -2.27 | -28.23 | -4.63 | -2.13
Altai 44277 099 | -163 | 3.18 |-0.40| 0.54
Tsetserleg 44282 1.05 | 437 | -17.94 | -3.61 | 6.62
Ondorkhaan 44304 0.80 | 4.86 | -22.94 | -3.24 | 2.27
Choir 44298 1.03 | -0.18 | -5.72 | -0.49 | -1.28
Sainshand 44354 0.81 | -0.81 | -0.88 | 1.05 | -0.26
Bayankhongor 44287 | 2.43 | 8.78 261 | 0.89 | 13.71
Mean 0.96 | 3.22 | -9.38 | -2.08 | 0.77
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Table 2.16

Monthly precipitation means, standard deviations and coefficient of

variations.

Stid & Name | Precip. | 1 2 3 4 5 6 7 8 9 10 11 12 Ann
44218 Mean |12 10 25 6.0 113 253 390 262 97 40 18 1.7 1299
Khovd Stdev |17 15 30 58 106 213 241 200 86 65 28 17 417

CcVv 14 14 12 10 09 0.8 06 08 09 16 15 09 0.3

44231 Mean |16 11 11 65 173 441 732 611 191 53 22 24 2346
Moron Stdev (17 15 15 70 132 314 312 338 161 55 21 27 645
CV 11 14 13 11 08 0.7 04 06 08 10 09 11 0.3

44272 Mean (23 18 49 89 154 351 636 489 244 93 51 35 2235
Uliastai Stdev |21 15 47 68 106 198 36.0 234 210 76 32 31 6938
CV 09 08 10 08 07 06 06 05 09 08 06 09 0.3

44212 Mean (21 19 36 38 65 253 408 269 128 42 8.0 51 1410
Ulaangom Stdev |18 14 33 41 6.2 233 320 170 123 49 44 39 552
CV 09 07 09 11 10 0.9 08 06 10 12 05 08 0.4

44373 Mean |15 15 34 49 116 197 337 317 112 45 24 16 1246
Dalanzadgad | Stdev |04 11 24 59 100 168 211 187 93 6.3 14 18 447
CcVv 03 07 07 12 09 09 06 06 08 14 06 12 0.4

44239 Mean |17 18 37 103 231 573 1112 787 312 104 39 21 3352
Bulgan Stdev |18 19 31 77 254 274 452 366 202 87 31 17 768
CcVv 1.0 10 08 07 11 05 04 05 06 08 08 0.8 0.2

44341 Mean |06 13 20 39 117 238 417 472 135 47 23 14 1539
Mandalgovi | Stdev |09 17 20 49 110 182 224 352 157 63 25 15 539
CcVv 15 13 10 13 09 08 05 07 12 13 11 11 0.3

44288 Mean (08 14 29 43 159 355 774 620 200 63 24 12 2299
Arvaikheer Stdev | 1.0 20 32 43 129 228 428 302 128 84 27 13 581
CV 12 14 11 10 08 0.6 06 05 06 13 11 11 0.3

44259 Mean |19 20 35 64 153 362 744 572 282 77 32 29 2388
Choibalsan Stdev |19 25 34 69 139 242 440 392 195 73 34 27 798
CV 10 13 10 11 09 0.7 06 07 07 10 11 09 0.3

44292 Mean (20 20 32 86 139 493 654 762 322 83 48 33 269.1
Ulaanbaatar | Stdev | 1.7 21 30 163 140 284 297 383 208 56 50 26 664
CV 09 11 09 19 10 06 05 05 06 07 11 08 0.2

44241 Mean |36 28 38 9.0 244 503 758 712 358 114 6.8 4.7 299.6
Baruunkharaa | Stdev |35 33 59 73 405 282 358 351 206 103 6.6 35 899
CcVv 1.0 12 16 08 17 0.6 05 05 06 09 10 07 0.3

44277 Mean |12 20 57 104 135 290 495 413 159 78 33 20 1815
Altai Stdev |14 24 50 6.6 114 165 309 256 137 64 25 18 524
CcVv 12 12 09 06 08 0.6 06 06 09 08 08 09 0.3

44282 Mean |23 3.0 7.0 159 327 642 887 815 257 127 6.1 2.9 3427
Tsetserleg Stdev |20 31 43 93 202 282 344 505 133 99 35 23 724
CV 09 10 06 06 06 04 04 06 05 08 06 08 0.2

44304 Mean |16 25 28 75 151 447 720 654 239 76 33 27 2476
Ondorkhaan | Stdev | 1.8 24 28 7.8 103 29.0 380 418 150 72 31 24 60.1
CV 11 10 10 10 07 0.6 05 06 06 09 09 09 0.2

44298 Mean (09 16 16 41 106 305 643 488 188 50 3.7 2.0 1917
Choir Stdev |12 19 18 43 87 273 522 349 160 57 54 19 64.2
CV 13 12 12 11 08 0.9 08 07 09 12 15 09 0.3

44354 Mean (07 11 16 31 79 164 328 313 106 39 24 16 1128
Sainshand Stdev |12 19 22 57 88 150 242 227 106 44 3.0 21 456
CV 17 16 13 18 11 09 07 07 10 11 13 13 0.4

44287 Mean |20 29 44 79 155 307 534 447 173 69 21 23 1878
Bayankhongor | Stdev |21 34 48 92 176 242 350 345 134 85 28 26 790
CV 11 11 11 12 11 0.8 07 08 08 12 13 11 0.4
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Table 2.17 Comparison of spring temperature trends:

surface and troposphere levels at

700mb and 500mb.
Spring Regression R AT/per. | Sur. | E700 | N700 | E500 | N500
Surface y =0.0421x-0.9478| 0.13 | 1.8524 | 1.00 | 0.58 | 0.35 | 0.64 | 0.48
T ECMWEF.700mb | y =0.099x-0.2125 | 0.01 | 4.158 | 0.64 | 1.00 | 0.89 | 0.95 | 0.84
2 ¢ | NCEP.700mb y=-0.0085x+0.20 | 0.01 | -0.3825 | 0.48 | 0.89 | 1.00 | 0.81 | 0.90
X < | ECMWF.500mb | y=-0.0016x+0.04 | 0.00 | -0.0672 | 0.58 | 0.95 | 0.81 | 1.00 | 0.87
NCEP.500mb y=-0.0304x+0.70 | 0.11 | -1.368 | 0.35 | 0.84 | 0.90 | 0.87 | 1.00
Surface y=0.0559x-1.259 | 0.21 | 2.4596 | 1.00 | 0.61 | 0.55 | 0.57 | 0.45
§ o | ECMWF.700mb | y=0.0225x-0.484 | 0.04 | 0.945 | 0.57 | 1.00 | 0.91 | 0.96 | 0.86
£ S | NCEP.700mb y=-0.0022x+0.05 | 0.00 | -0.099 | 0.45| 0.91 | 1.00 | 0.89 | 0.94
‘56 N | ECMWF.500mb | y=0.0112x-0.241 | 0.01 | 0.4704 | 0.61 | 0.96 | 0.89 | 1.00 | 0.92
NCEP.500mb y=0.0153x-0.352 | 0.03 | 0.6885 | 0.55 | 0.86 | 0.94 | 0.92 | 1.00
Surface y=0.0193x-0.434 | 0.03 | 0.8492 | 1.00 | 0.76 | 0.62 | 0.73 | 0.58
'S o~ | ECMWEF.700mb | y=0.0173x-0.372 | 0.02 | 0.7266 | 0.76 | 1.00 | 0.67 | 0.96 | 0.70
8 5 NCEP.700mb y=-0.0238x+0.55 | 0.05 | -1.071 | 0.62 | 0.67 | 1.00 | 0.68 | 0.89
S ¥ [ ECMWF.500mb | y=0.0063x-0.134 | 0.00 | 0.2646 | 0.73 | 0.96 | 0.68 | 1.00 | 0.79
NCEP.500mb y=-0.0372x+0.86 | 0.15 | -1.674 | 0.58 | 0.70 | 0.89 | 0.79 | 1.00
Surface y=0.572x-1.2872 | 0.25 | 2.5168 | 1.00 | 0.84 | 0.72 | 0.79 | 0.66
5 o ECMWEF.700mb | y=0.0254x-0.547 | 0.05 | 1.0668 | 0.84 | 1.00 | 0.81 | 0.95 | 0.81
S &' | NCEP.700mb y=-0.0082x+0.19 | 0.01 | -0.369 | 0.72 | 0.81 | 1.00 | 0.76 | 0.90
2 ~ [[ECMWF.500mb y=0.0187x-0.402 | 0.03 | 0.7854 | 0.79 | 0.95 | 0.76 | 1.00 | 0.86
NCEP.500mb y=-0.0149x+0.34 | 0.03 | -0.6705 | 0.66 | 0.81 | 0.90 | 0.86 | 1.00
Surface y=0.0299x-0.674 | 0.09 | 1.3156 | 1.00 | 0.64 | 0.71 | 0.60 | 0.60
£ ECMWEF.700mb | y=0.017x-0.3661 | 0.03 | 0.714 | 0.64 | 1.00 | 0.68 | 0.93 | 0.72
=4 | NCEP.700mb y=-0.0137x+0.32 | 0.02 | -0.6165 | 0.71 | 0.68 | 1.00 | 0.67 | 0.86
0 ¥ | ECMWF.500mb | y=0.0068x-0.15 | 0.00 | 0.2856 | 0.60 | 0.93 | 0.67 | 1.00 | 0.84
NCEP.500mb y=-0.0227x+0.53 | 0.06 | -1.0215 | 0.60 | 0.72 | 0.86 | 0.84 | 1.00
o Surface y=0.0579x-1.535 | 0.20 | 2.0844 | 1.00 | 0.83 | 0.65 | 0.73 | 0.58
E co | ECMWEF.700mb | y=0.0084x-0.181 | 0.01 | 0.2856 | 0.83 | 1.00 | 0.57 | 0.90 | 0.62
= § NCEP.700mb y=-0.0313x+0.72 | 0.10 | -1.1581 | 0.65 | 0.57 | 1.00 | 0.65 | 0.89
5: ¥ | ECMWF.500mb | y=-0.009x+0.194 | 0.01 | -0.306 | 0.73 | 0.90 | 0.65 | 1.00 | 0.83
NCEP.500mb y=-0.0415x+0.95 | 0.18 | -1.5355 | 0.58 | 0.62 | 0.89 | 0.83 | 1.00
- Surface y=0.0272x-0.612 | 0.09 | 1.1968 | 1.00 | 0.79 | 0.58 | 0.61 | 0.44
%2 ECMWEF.700mb | y=-0.0047x+0.10 | 0.00 | -0.1974 | 0.79 | 1.00 | 0.80 | 0.91 | 0.75
% %r: NCEP.700mb y=-0.0377x+0.87 | 0.17 | -1.6965 | 0.58 | 0.80 | 1.00 | 0.84 | 0.91
< o | ECMWF.500mb | y=-0.0224x+0.48 | 0.05 | -0.9408 | 0.61 | 0.91 | 0.84 | 1.00 | 0.92
0 NCEP.500mb y=-0.0436x+1.00 | 0.21 | -1.962 | 0.44 | 0.75 | 0.91 | 0.92 | 1.00
s Surface y=0.0375x-0.844 | 0.14 | 1.65 |1.00| 0.73 | 0.62 | 0.59 | 0.42
S g ECMWEF.700mb | y=0.0087x-0.187 | 0.01 | 0.3654 | 0.73 | 1.00 | 0.67 | 0.89 | 0.64
S ¥ [ NCEP.700mb y=-0.0271x+0.62 | 0.08 | -1.2195 | 0.62 | 0.67 | 1.00 | 0.75 | 0.86
8 ¥ [ ECMWF.500mb | y=-0.0088x+0.19 | 0.01 | -0.3696 | 0.59 | 0.89 | 0.75 | 1.00 | 0.87
= NCEP.500mb y=-0.0373x+0.86 | 0.14 | -1.6785 | 0.42 | 0.64 | 0.86 | 0.87 | 1.00
c Surface y=0.051x-1.1486 | 0.18 | 2.244 | 1.00 | 0.79 | 0.77 | 0.68 | 0.61
3 o ECMWEF.700mb | y=0.0192x-0.412 | 0.03 | 0.8064 | 0.79 | 1.00 | 0.96 | 0.93 | 0.84
3 §' | NCEP.700mb y=0.0066x-0.152 | 0.00 | 0.297 | 0.77 | 0.96 | 1.00 | 0.93 | 0.92
g ~ | ECMWF.500mb | y=0.0053x-0.113 | 0.00 | 0.2226 | 0.68 | 0.93 | 0.93 | 1.00 | 0.95
NCEP.500mb y=-0.0072x+0.17 | 0.01 | -0.324 | 0.61 | 0.84 | 0.92 | 0.95 | 1.00
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Table 2.18 Comparison of summer temperature trends: surface and troposphere levels at

700mb and 500mb.

Summer Regression R AT/per. | Sur. | E700 | N700 | E500 | N500

Surface y=0.0334x-0.752 | 0.19 | 1.4696 | 1.00 | 0.74| 0.56 | 0.67 | 0.37

ECMWEF.700mb | y=0.0113x-0.243 | 0.02 | 0.4746 | 0.74| 1.00 | 0.83 | 0.72| 0.64
S q NCEP.700mb y=-0.0055x+0.13 | 0.01 | -0.2475 | 0.56 | 0.83 | 1.00 | 0.62 | 0.81
2 4 ECMWEF.500mb | y=0.0232x-0.498 | 0.17 | 0.9744 | 0.67 | 0.72 | 0.62 | 1.00 | 0.73
* Y NCEP.500mb y=-0.0116x+0.27 | 0.05 | -0.522 | 0.37 | 0.64| 081 | 0.73| 1.00

Surface y=0.0198x-0.446 | 0.07 | 0.8712 | 1.00 | 0.89 | 0.81 | 0.66 | 0.59
€ | ECMWF.700mb | y=0.0188x-0.404 | 0.07 | 0.7896 | 0.89 | 1.00 | 0.86 | 0.79 | 0.70
2 4 NCEP.700mb y=0.0028x-0.064 | 0.00 | 0.126 | 0.81 | 0.86| 1.00| 0.69 | 0.83
8 § ECMWF.500mb y=0.0277x-0.595 | 0.22 | 1.1634 | 0.66 | 0.79 | 0.69 | 1.00 | 0.80
= Y NCEP.500mb y=0.0008x-0.019 | 0.00 | 0.036 | 059 | 0.70 | 0.83| 0.80 | 1.00

Surface y=0.0328x-0.738 | 0.13 | 1.4432 | 1.00 | 069 | 051 | 0.48 | 0.26

ECMWEF.700mb | y=0.0263x-0.565 | 0.08 | 1.1046 | 0.69 | 1.00 | 0.59 | 0.64 | 0.36
g d NCEP.700mb y=-0.0192x+0.44 | 0.05 | -0.864 | 051 | 059 | 1.00| 0.30 | 0.83
£ d ECMWF.500mb | y=0.02x-0.4296 | 0.16 | 0.84 |0.48| 0.64 | 0.30| 1.00 | 0.42
= Y NCEP.500mb =-0.027x+0.621 | 0.16 | -1.215 | 0.26 | 0.36 | 0.83 | 042 | 1.00

Surface y=0.483x-1.0862 | 0.29 | 2.1252 | 1.00 | 0.73| 058 | 0.52 | 0.35

ECMWEF.700mb | y=0.0176x-0.377 | 0.06 | 0.7392 | 0.73 | 1.00 | 0.66 | 0.77 | 0.45
S 4 NCEP.700mb y=-0.0144x+0.33 | 0.03 | -0.648 | 0.58 | 0.66 | 1.00 | 0.40 | 0.82
S ¢ ECMWF.500mb | y=0.0201x-0.432 | 0.14 | 0.8442 | 0.52 | 0.77 | 0.40 | 1.00 | 0.52
= Y NCEP.500mb y=-0.016x+0.368 | 0.07 | -0.72 | 0.35| 045| 0.82| 0.52 | 1.00

Surface y=0.0293x-0.660 | 0.12 | 1.2892 | 1.00 | 0.59 | 0,53 | 0.52 | 0.38

ECMWEF.700mb | y=0.0243x-0.522 | 0.09 | 1.0206 | 0.59 | 1.00 | 0.44 | 0.78 | 0.27
S 4 NCEP.700mb y=-0.0265x+0.61 | 0.10 | -1.1925 | 0.53 | 044 | 1.00 | 0.42 | 0.84
= 4 ECMWF.500mb y=0.0106x-0.227 | 0.05 | 0.4452 | 0.52 | 0.78 | 0.42| 1.00 | 0.49
@ Y NCEP.500mb y=-0.0235x+0.54 | 0.14 | -1.0575 | 0.38 | 0.27 | 0.84 | 0.49 | 1.00
_ | Surface y=0.0569x-1.509 | 0.24 | 2.0484 | 1.00 | 0.63 | 054 | 0.64 | 0.47
E ECMWEF.700mb | y=0.0212x-0.455 | 0.07 | 0.7208 | 0.63 | 1.00 | 0.40 | 0.74| 0.33
% q NCEP.700mb y=-0.0373x+0.86 | 0.16 | -1.3801 | 0.54 | 0.40 | 1.00 | 0.56 | 0.88
= ¢ ECMWF.500mb | y=0.0048x-0.103 | 0.01 | 0.1632 | 0.64 | 0.74| 056 | 1.00 | 0.70
< Y NCEP.500mb y=-0.0358x+0.82 | 0.24 | -1.5355 | 0.47 | 0.33 | 0.88 | 0.70 | 1.00
| Surface y=0.0379x-0.852 | 0.22 | 1.6676 | 1.00 | 049 | 0.22 | 042 | 0.16
§’ ECMWEF.700mb | y=-0.0034x+0.07 | 0.00 | -0.1428 | 0.49 | 1.00 | 0.60 | 0.55 | 0.50
& 0 NCEP.700mb y=-0.0463x+1.06 | 0.34 | -2.0835 | 0.22 | 0.60 | 1.00 | 0.62 | 0.88
= 3 ECMWF.500mb y=-0.0034x+0.07 | 0.00 | -0.1428 | 0.42 | 0.55| 0.62 | 1.00 | 0.82
© T NCEP.500mb y=-0.0333x+0.77 | 0.22 | -1.4985 | 0.16 | 0.50 | 0.88 | 0.82 | 1.00
s Surface y=0.0425x-0.957 | 0.26 | 187 |100| 052| 0.18| 055 | 0.12
S | ECMWE.700mb | y=0.0097x-0.208 | 0.02 | 0.4074 | 052 | 1.00| 0.29 | 0.62 | 0.21
< J NCEP.700mb y=-0.0458x+1.05 | 0.21 | -2.061 | 0.18 | 0.29 | 1.00| 0.57 | 0.90
& ¢ ECMWF.500mb | y=0.0029x-0.062 | 0.00 | 0.1218 | 0.55 | 0.62 | 0.57 | 1.00 | 0.69
= Y NCEP.500mb y=-0.0287x+0.66 | 0.19 | -1.2915 | 0.12 | 0.21| 090 | 0.69 | 1.00
- Surface y=0.0354x-0.797 | 0.18 | 1.5576 | 1.00 | 0.54 | 0.33 | 0.55| 0.28
& | ECMWEF.700mb | y=-0.0027x+0.06 | 0.00 | -0.1134 | 0.54 | 1.00 | 0.79 | 0.82 | 0.69
8 4 NCEP.700mb y=-0.013x+0.299 | 0.03 | -0.585 | 0.33 | 0.79 | 1.00| 0.79 | 0.87
2 ¢ ECMWEFE.500mb | y=-0.0002x+0.01 | 0.00 | -0.0084 | 0.55 | 0.82 | 0.79 | 1.00 | 0.90
© Y NCEP.500mb y=-0.0119x+0.27 | 0.04 | -0.5355 | 0.28 | 069 | 0.87| 090 | 1.00
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Table 2.19 Comparison of fall temperature trends:

surface and troposphere levels at

700mb and 500mb.

Fall Regression R AT/per. | Sur. | E700 | N700 | E500 | N500

Surface y=0.0304x-0.684 | 0.09 | 1.3376 | 1.00 | 0.59 | 0.51 | 0.57 | 0.48

ECMWEF.700mb | y=0.0324x-0.68 | 0.09 | 1.148 | 059 | 1.00| 0.91| 095 | 0.86
2 d NCEP.700mb y=0.01x-0.2259 | 0.01 | -0.0836 | 0.51 | 091 | 1.00 | 0.84 | 0.92
2 4 ECMWEF.500mb | y=0.028x-0.5878 | 0.10 | 1.3284 | 0.57 | 0.95| 0.84 | 1.00 | 0.89
* Y NCEP.500mb y=-0.0019x+0.04 | 0.00 | 0.44 048 | 0.86| 092 | 0.89 | 1.00

Surface y=0.0426x-0.960 | 0.13 | 1.8744 | 1.00 | 0.85| 0.80 | 0.85| 0.80
€ | ECMWF.700mb | y=0.0314x-0.66 | 0.08 | 1.3776 | 0.85 | 1.00 | 0.94 | 0.96 | 0.91
2 4 NCEP.700mb y=0.0108x-0.244 | 0.01 | 0.858 | 0.80 | 094 | 1.00| 0.89 | 0.95
& § ECMWF.500mb | y=0.0336x-0.705 | 0.12 | 1.2874 | 0.85 | 0.96 | 0.89 | 1.00 | 0.92
= Y NCEP.500mb y=0.0195x-0.448 | 0.04 | 0.4752 | 0.80 | 091 | 0.95| 0.92| 1.00

Surface y=0.0232x-0.523 | 0.05 | 1.0208 | 1.00 | 0.60 | 0.51 | 0.59 | 0.51

ECMWEF.700mb | y=0.0356x-0.748 | 0.11 | 1.4022 | 0.60 | 1.00 | 0.68 | 0.96 | 0.73
g d NCEP.700mb y=-0.0122x+0.27 | 0.02 | -0.5368 | 0.51 | 0.68 | 1.00 | 0.65| 0.90
£ d ECMWF.500mb | y=0.0342x-0.717 | 0.13 | 1.459 | 0.59 | 0.96 | 0.65 | 1.00 | 0.76
= Y NCEP.500mb y=-0.0122x+0.27 | 0.02 | -0.5368 | 0.51 | 0.73 | 0.90 | 0.76 | 1.00

Surface y=0.0548x-1.233 | 0.24 | 2.4112 | 1.00 | 0.60 | 0.45| 0.66 | 0.60

ECMWEF.700mb | y=0.0284x-0.596 | 0.06 | 1.4596 | 0.60 | 1.00 | 0.76 | 0.97 | 0.83
S q NCEP.700mb y=-0.0188x+0.42 | 0.04 | -0.264 | 045 | 0.76 | 1.00 | 0.69 | 0.93
S ¢ ECMWF.500mb | y=0.0356x-0.747 | 0.12 | 1.1644 | 0.66 | 0.97 | 0.69 | 1.00 | 0.83
= Y NCEP.500mb y=-0.006x+0.135 | 0.01 | -0.8272 | 0.60 | 0.83 | 0.93 | 0.83 | 1.00

Surface y=0.0169x-0.381 | 0.04 | 0.7436 | 1.00 | 0.47 | 0.42 | 0.49 | 0.50

ECMWEF.700mb | y=0.0316x-0.663 | 0.09 | 1.3079 | 047 | 1.00| 0.62 | 0.95| 0.76
S 4 NCEP.700mb =-0.026x+0.585 | 0.07 | -0.4796 | 0.42 | 0.62 | 1.00| 0.56 | 0.92
= 4 ECMWF.500mb | y=0.0319x-0.670 | 0.11 | 1.2956 | 0.49 | 0.95 | 056 | 1.00 | 0.77
@ Y NCEP.500mb y=-0.0109x+0.25 | 0.02 | -1.144 | 050 | 0.76 | 0.92 | 0.77 | 1.00
_ | Surface y=0.0256x-0.678 | 0.05 | 0.9216 | 1.00 | 0.50 | 0.49 | 0.44 | 0.45
§ ECMWEF.700mb | y=0.029x-0.6082 | 0.09 | 0.693 | 0.50 | 1.00 | 0.58 | 0.93 | 0.72
= g NCEP.700mb y=-0.0297x+0.67 | 0.10 | -0.6192 | 0.49 | 0.58 | 1.00 | 0.56 | 0.90
c ¢ ECMWF.500mb | y=0.021x-0.4418 | 0.06 | 0.957 | 044 | 093 | 056 | 1.00 | 0.79
< Y NCEP.500mb y=-0.0172x+0.39 | 0.05 | -1.0692 | 0.45 | 0.72 | 090 | 0.79 | 1.00
| Surface y=0.0294x-0.661 | 0.13 | 1.2936 | 1.00 | 0.62 | 0.43 | 047 | 0.35
§’ ECMWEF.700mb | y=0.0171x-0.359 | 0.04 | 0.3034 | 0.62 | 1.00| 0.79 | 091 | 0.78
& o NCEP.700mb y=-0.0166x+0.37 | 0.04 | -0.7348 | 043 | 0.79 | 1.00| 0.79 | 0.90
= 3 ECMWF.500mb y=0.0074x-0.156 | 0.01 | 0.7011 | 047 | 091 | 0.79 | 1.00| 0.91
© T NCEP.500mb y=-0.0167x+0.38 | 0.05 | -0.7304 | 0.35| 0.78 | 0.90 | 0.91 | 1.00
S Surface y=0.0273x-0.614 | 0.08 | 1.2012 | 1.00 | 048 | 0.39 | 041 ] 0.35
S | ECMWE.700mb | y=0.0268x-0.562 | 0.07 | 0.7831 | 048 | 1.00| 059 | 091 | 0.69
< J NCEP.700mb y=-0.0268x+0.60 | 0.10 | -0.6468 | 0.39 | 0.59 | 1.00 | 0.60 | 0.88
s ¢ ECMWF.500mb | y=0.0191x-0.401 | 0.05 | 1.066 |0.41| 091 | 0.60 | 1.00 | 0.82
= Y NCEP.500mb y=-0.0147x+0.33 | 0.04 | -1.144 | 035 | 069 | 0.88 | 0.82 | 1.00
- Surface y=0.0248x-0.558 | 0.07 | 1.0912 | 1.00 | 0.60 | 0.57 | 0.57 | 0.54
& | ECMWEF.700mb | y=0.015x-0.3159 | 0.03 | 0.6478 | 0.60 | 1.00 | 0.96 | 0.92 | 0.89
8 4 NCEP.700mb y=-0.0001x+0.01 | 0.00 | -0.0528 | 0.57 | 0.96 | 1.00| 0.91 | 0.94
2 ¢ ECMWEFE.500mb | y=0.0158x-0.331 | 0.05| 0.615 | 057 | 092 | 091 | 1.00| 0.95
© Y NCEP.500mb y=-0.0012x+0.03 | 0.00 | -0.0044 | 0.54 | 0.89 | 0.94 | 0.95| 1.00
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Table 2.20 Comparison of winter temperature trends: surface and troposphere levels at

700mb and 500mb.

Winter Regression R AT/per. | Sur. | E700 | N700 | ES00 | N500

Surface y=0.1095x-2.409 | 0.17 | 4.7085 | 1.00 | 0.36 | 0.28 | 0.41 | 0.36

ECMWEF.700mb | y=0.0438x-0.920 | 0.09 | 1.7958 | 0.36 | 1.00 | 0.95| 0.97 | 0.95
2 d NCEP.700mb y=0.0391x-0.879 | 0.08 | 1.7204 | 0.28 | 0.95| 1.00 | 0.92 | 0.94
2 4 ECMWEF.500mb | y=0.0347x-0.729 | 0.09 | 1.4227 | 0.41 | 0.97 | 0.92 | 1.00 | 0.96
* Y NCEP.500mb y=0.0085x-0.191 | 0.01 | 0.374 | 0.36 | 0.95| 094 | 0.96 | 1.00

Surface y=0.0948x-2.087 | 0.30 | 4.0764 | 1.00 | 0.50 | 0.40 | 0.50 | 0.43
§ | ECMWF.700mb | y=0.0361x-0.758 | 0.05 | 1.4801 | 0.50 | 1.00 | 0.97 | 0.98 | 0.97
2 4 NCEP.700mb y=0.025x-0.5632 | 0.03 1.1 040 | 0.97| 1.00| 0.95| 0.97
8 § ECMWF.500mb | y=0.0294x-0.618 | 0.05 | 1.2054 | 0.50 | 0.98 | 0.95 | 1.00 | 0.98
= Y NCEP.500mb y=0.0083x-0.188 | 0.01 | 0.3652 | 0.43 | 0.97 | 0.97 | 0.98 | 1.00

Surface y=0.0695x-1.528 | 0.20 | 2.9885 | 1.00 | 0.73 | 0.67 | 0.71| 0.72

ECMWEF.700mb | y=0.051x-1.0706 | 0.13 | 2.091 | 0.73 | 1.00| 0.90| 0.98 | 0.94
g d NCEP.700mb y=0.0293x-0.659 | 0.05 | 1.2892 | 0.67 | 0.90 | 1.00 | 0.83 | 0.93
£ d ECMWF.500mb | y=0.0431x-0.904 | 0.13 | 1.7671 [ 0.71 | 0.98 | 0.83 | 1.00 | 0.91
= Y NCEP.500mb y=0.0097x-0.218 | 0.01 | 0.4268 | 0.72 | 0.94 | 093 | 0.91 | 1.00

Surface y=0.0727x-1.599 | 0.13 | 3.1261 | 1.00 | 0.44 | 0.33 | 0.50 | 0.40

ECMWEF.700mb | y=0.0515x-1.081 | 0.11 | 2.1115 | 044 | 1.00| 0.93 | 0.97 | 0.96
S q NCEP.700mb y=0.0285x-0.640 | 0.04 | 1.254 | 0.33 | 0.93| 1.00| 0.85| 0.96
S ¢ ECMWF.500mb | y=0.0428x-0.899 | 0.10 | 1.7548 | 0.50 | 0.97 | 0.85 | 1.00 | 0.93
= Y NCEP.500mb y=0.0184x-0.414 | 0.02 | 0.8096 | 0.40 | 0.96 | 0.96 | 0.93 | 1.00

Surface y=0.0247x-0.94 | 0.09 | 1.0621 | 1.00 | 0.65| 059 | 0.61 | 0.60

ECMWEF.700mb | y=0.0627x-1.316 | 0.18 | 2.5707 | 0.65 | 1.00 | 0.87 | 0.98 | 0.93
S 4 NCEP.700mb y=0.0304x-0.638 | 0.05 | 1.3376 | 0.59 | 0.87 | 1.00 | 0.78 | 0.94
= 4 ECMWF.500mb | y=0.0491x-1.031 | 0.16 | 2.0131 | 0.61 | 0.98 | 0.78 | 1.00 | 0.90
@ Y NCEP.500mb y=0.0179x-0.402 | 0.03 | 0.7876 | 0.60 | 0.93 | 0.94 | 0.90 | 1.00
_ | Surface y=0.0642x-1.670 | 0.20 | 2.247 | 1.00 | 0.84| 0.72 | 0.77 | 0.72
ﬁ ECMWEF.700mb | y=0.0635x-1.333 | 0.22 | 2.0955 | 0.84 | 1.00 | 0.76 | 0.97 | 0.87
= g NCEP.700mb y=0.0252x-0.567 | 0.04 | 0.9072 | 0.72 | 0.76 | 1.00 | 0.72 | 0.94
c ¢ ECMWF.500mb | y=0.0414x-0.870 | 0.16 | 1.3662 | 0.77 | 0.97 | 0.72 | 1.00 | 0.87
< Y NCEP.500mb y=0.0105x-0.236 | 0.01 | 0.3675 | 0.72 | 0.87 | 0.94 | 0.87 | 1.00
< | Surface y=0.0991x-2.181 | 0.31 | 4.2613 | 1.00 | 0.77 | 0.65| 0.68 | 0.61
-% ECMWEF.700mb | y=0.0581x-1.220 | 0.21 | 2.3821 | 0.77 | 1.00| 0.83 | 0.94 | 0.87
& 7 NCEP.700mb y=0.0286x-0.644 | 0.08 | 1.2584 | 0.65 | 0.83 | 1.00 | 0.74| 0.90
= J ECMWF.500mb | y=0.0273x-0.574 | 0.09 | 1.1193 | 0.68 | 0.94 | 0.74 | 1.00 | 0.90
O T NCEP.500mb y=0.0073x-0.164 | 0.01 | 0.3212 | 0.61 | 0.87 | 0.90 | 0.90 | 1.00
> | Surface y=0.059x-1.2989 | 0.16 | 2.537 | 1.00 | 0.70 | 0.63 | 0.65| 0.64
S | ECMWEF.700mb | y=0.0687x-1.443 | 0.23 | 2.8167 | 0.70 | 1.00 | 0.78 | 0.97 | 0.88
S J NCEP.700mb y=0.0292x-0.656 | 0.06 | 1.2848 | 0.63 | 0.78 | 1.00 | 0.72 | 0.91
& § ECMWF.500mb | y=0.042x-0.8811 | 0.15 | 1.722 [0.65 | 0.97 | 0.72 | 1.00 | 0.89
= -{ NCEP.500mb y=0.0135x-0.304 | 0.02 | 0.594 | 0.64| 0.88| 091 | 0.89 | 1.00
— | Surface y=0.0509x-1.120 | 0.10 | 2.1887 | 1.00 | 0.57 | 0.58 | 0.50 | 0.54
& | ECMWF.700mb | y=0.0625x-1.312 | 0.20 | 2.5625 | 0.57 | 1.00 | 0.97 | 0.96 | 0.93
8 ¢ NCEP.700mb y=0.0558x-1.255 | 0.17 | 2.4552 | 0.58 | 0.97 | 1.00 | 0.92 | 0.96
2 4 ECMWF.500mb | y=0.037x-0.777 | 0.11 | 1517 | 050 | 096 | 0.92 | 1.00 | 0.95
© Y NCEP.500mb y=0.0266x-0.598 | 0.06 | 1.1704 | 0.54 | 0.93 | 0.96 | 0.95| 1.00
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Table 2.21 Comparison of annual temperature trends: surface and troposphere levels at

700mb and 500mb.

Annual Regression R AT/per. | Sur. | E700 | N700 | E500 | N500

Surface y=0.0554x-1.247 | 0.36 | 2.4376 | 1.00 | 0.42 | 0.38 | 0.51 | 0.27

ECMWEF.700mb | y=0.0291x-0.625 | 0.15 | 1.2222 | 042 | 1.00| 0.81| 092 | 0.67
2 d NCEP.700mb y=0.0133x-0.305 | 0.05 | 0.5985 | 0.38 | 0.81 | 1.00 | 0.77 | 0.83
2 4 ECMWEF.500mb | y=0.0234x-0.504 | 0.16 | 0.9828 | 0.51 | 0.92 | 0.77 | 1.00 | 0.76
* Y NCEP.500mb y=-0.0053x+0.12 | 0.01 | -0.2385 | 0.27 | 0.67 | 0.83 | 0.76 | 1.00

Surface y=0.053x-1.1931 | 0.37 | 2.332 | 1.00| 066 | 055| 0.72| 0.55
€ | ECMWF.700mb | y=0.032x-0.6881 | 0.17 | 1.344 | 0.66 | 1.00 | 0.85 | 0.95| 0.78
2 4 NCEP.700mb y=0.0131x-0.301 | 0.04 | 0.5895 | 0.55| 0.85| 1.00 | 0.83 | 0.92
& § ECMWF.500mb | y=0.0282x-0.606 | 0.20 | 1.1844 | 0.72 | 0.95| 0.83 | 1.00 | 0.84
= Y NCEP.500mb y=0.0026x-0.061 | 0.00 | -0.117 | 0.55| 0.78 | 0.92 | 0.84 | 1.00

Surface y=0.0361x-0.812 | 0.28 | 1.5884 | 1.00 | 0.50 | 0.40 | 0.53 | 0.35

ECMWEF.700mb | y=0.0383x-0.824 | 0.21 | 1.6086 | 0.50 | 1.00 | 045 | 091 | 0.42
g d NCEP.700mb y=-0.0022x+0.05 | 0.00 | -0.099 | 0.40 | 045 | 1.00| 041 | 0.83
£ d ECMWF.500mb | y=0.0284x-0.610 | 0.20 | 1.1928 | 053 | 0.91 | 0.41 | 1.00 | 0.53
= Y NCEP.500mb y=-0.0131x+0.30 | 0.06 | -0.5895 | 0.35 | 0.42 | 0.83 | 0.53 | 1.00

Surface y=0.0565x-1.271 | 0.46 | 2.486 | 1.00 | 0.52 | 0.27 | 0.56 | 0.33

ECMWEF.700mb | y=0.0364x-0.783 | 0.20 | 1.5288 | 0.52 | 1.00 | 0.56 | 0.94 | 0.60
S q NCEP.700mb y=0.0011x-0.03 | 0.00 | 0.0495 | 0.27 | 0.56 | 1.00 | 0.48 | 0.88
S ¢ ECMWF.500mb | y=0.0324x-0.698 | 0.21 | 1.3608 | 0.56 | 0.94 | 0.48 | 1.00 | 0.65
= Y NCEP.500mb y=-0.0013x+0.03 | 0.00 | -0.0585 | 0.33 | 0.60 | 0.88 | 0.65| 1.00

Surface y=0.0282x-0.635 | 0.24 | 1.2408 | 1.00 | 045 | 050 | 0.47 | 0.54

ECMWEF.700mb | y=0.0391x-0.840 | 0.23 | 1.6422 | 045 | 1.00| 0.35| 0.93 | 0.45
S 4 NCEP.700mb y=-0.0041x+0.09 | 0.00 | -0.1845 | 0.50 | 0.35 | 1.00 | 0.32 | 0.83
= 4 ECMWF.500mb | y=0.0276x-0.594 | 0.18 | 1.1592 | 0.47 | 0.93 | 0.32 | 1.00 | 058
@ Y NCEP.500mb y=-0.0062x+0.14 | 0.01 | -0.279 | 0.54 | 0.45| 0.83 | 0.58 | 1.00
_ | Surface y=0.0555x-1.471 | 0.47 | 1.998 |1.00| 0.64 | 0.38 | 0.62 | 041
§ ECMWEF.700mb | y=0.0354x-0.761 | 0.21 | 1.2036 | 0.64 | 1.00| 0.19| 091 | 0.32
= g NCEP.700mb y=-0.0127x+0.30 | 0.04 | -0.4699 | 0.38 | 0.19 | 1.00 | 0.28 | 0.87
c ¢ ECMWF.500mb | y=0.0176x-0.378 | 0.10 | 0.5984 | 0.62 | 0.91 | 0.28 | 1.00 | 0.54
< Y NCEP.500mb y=-0.0173x+0.40 | 0.10 | -0.6401 | 0.41 | 0.32 | 0.87 | 0.54 | 1.00
| Surface y=0.0467x-1.050 | 0.45 | 2.0548 | 1.00 | 0.53 | 0.16 | 0.37 | 0.05
§’ ECMWEF.700mb | y=0.0214x-0.461 | 0.11 | 0.8988 | 0.53 | 1.00 | 0.46 | 0.89 | 0.5
& o NCEP.700mb y=-0.0123x+0.28 | 0.05 | -0.5535 | 0.16 | 0.46 | 1.00 | 0.63 | 0.90
= 3 ECMWF.500mb y=0.0058x-0.125 | 0.13 | 0.2436 | 0.37 | 0.89 | 0.63 | 1.00| 0.72
© T NCEP.500mb y=-0.0175x+0.40 | 0.12 | -0.7875 | 0.05 | 0.45| 090 | 0.72| 1.00
S Surface y=0.0402x-0.904 | 0.38 | 1.7688 | 1.00 | 0.53 | 0.28 | 047 | 0.21
S | ECMWE.700mb | y=0.0331x-0.712 | 0.20 | 1.3902 | 0.53 | 1.00| 0.21| 0.89 | 0.31
< J NCEP.700mb y=-0.0121x+0.28 | 0.04 | -0.5445 | 0.28 | 0.21 | 1.00| 0.38 | 0.86
& ¢ ECMWF.500mb | y=0.0171x-0.368 | 0.09 | 0.7182 | 0.47 | 0.89 | 0.38 | 1.00 | 0.60
= Y NCEP.500mb y=-0.0129x+0.30 | 0.06 | -0.5805 | 0.21 | 0.31 | 0.86 | 0.60 | 1.00
2 Surface y=0.0401x-0.902 | 0.32 | 1.7644 | 1.00| 061 | 0.70 | 0.50 | 0.54
§ | ECMWF.700mb | y=0.029x-0.6225 | 0.17 | 1218 | 0.61 | 1.00 | 083 | 0.93 | 0.72
¥ | NCEP.700mb y=0.0176x-0.405 | 0.08 | 0.792 | 0.70 | 0.83 | 1.00| 0.84| 0.93
& | ECMWF.500mb | y=0.0194x-0.417 | 0.09 | 0.8148 | 0.50 | 0.93 | 0.84 | 1.00 | 0.84
8 | NCEP.500mb y=0.0059x-0.137 | 0.01 | -0.2655 | 0.54 | 0.72 | 093 | 0.84| 1.00
g NCEP.500mb y=0.0059x-0.137 | 0.01 | -0.2655 | 0.54 | 0.72 | 093 | 0.84 | 1.00
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Mean Winter Temperature Change
1965 to 2004 over the globe
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Figure 2.1 Mean winter temperature change 1965-2004 over the globe. Data source:
(Jones and Moberg 2003).
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Figure 2.2 Mean annual temperature change between 1961-2004 years.
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T_mean change, winter: 1962-2004
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Figure 2.3 Mean winter temperature change between 1962-2004 years.
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Figure 2.4 Mean summer temperature change between 1961-2004 years.
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Mean Summer Temperature Change
1965 to 2004 over the globe
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Figure 2.5 Mean summer temperature change 1965-2004 over the globe. Data source:
(Jones and Moberg 2003).
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Figure 2.6 Mean spring temperature change between 1961-2004 years.
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T_mean change, fall: 1961-2004
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Figure 2.7 Mean fall temperature change between 1961-2004 years.
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Figure 2.8 Seasonal surface mean temperature change slopes for 1961-2004.
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T_max change, annual: 1961-2003
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Figure 2.9 maximum annual temperature change between 1961-2003 years.
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Figure 2.10 Maximum winter temperature change between 1962-2003 years.
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T_max change, summer: 1961-2003
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Figure 2.11 maximum summer temperature change between 1961-2003 years.

T_max change, spring: 1961-2003
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Figure 2.12 Maximum spring temperature change between 1961-2003 years.
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Figure 2.13 Maximum fall temperature change between 1961-2003 years.
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Figure 2.14 Seasonal maximum temperature change slopes for 1961-2003.
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T_min change, annual: 1961-2003
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Figure 2.15 Minimum annual temperature change between 1961-2003 years.
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Figure 2.16 Minimum winter temperature change between 1962-2003 years.
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T_min change, summer: 1961-2003
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Figure 2.17 Minimum summer temperature change between 1961-2003 years.

T_min change, spring: 1961-2003
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Figure 2.18 Minimum spring temperature change between 1961-2003 years.
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T_min change, fall: 1961-2003
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Figure 2.19 Minimum fall temperature change between 1961-2003 years.
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Figure 2.20 Seasonal minimum temperature change slopes for 1961-2003.
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Figure 2.21 Mean annual temperatures and 5-year running mean.
Dotted lines are mean annual temperature in Celsius degrees

Bold lines are 5-year running mean
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Figure 2.21 Continued. Mean annual temperatures and 5-year running mean.
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Figure 2.22 Surface heat change for last 10 years; linear trend slopes at 17 stations.
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Figure 2.23 Mean temperature change for last 10 years; linear trend slopes at 17 stations.
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Figure 2.24 Effective temperature change for last 10 years; linear trend slopes at 17
stations.

Precipitation change, winter: 1962-2005
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Figure 2.25 The winter precipitation change: 1962-2005.
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Precipitation change, spring: 1961-2005

Mongolla__weather_stations Mong_dem =2 = v
mm4SyTs Meters

® =20 B o o ™
® 2308..9200 Elos. 131

O A1s -0 ] o310 - 1,759

@ 00t-i200 B a0 2340

® 12012400 T 2340 - 4200

BER Miometers

Figure 2.26 The spring precipitation change: 1961-2005.

Precipitation change, summer: 1961-2005
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Figure 2.27 The summer precipitation change: 1961-2005.
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Precipitation change, fall: 1961-2005
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Figure 2.28 The fall precipitation change: 1961-2005.

Precipitation change, annual: 1961-2005
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Figure 2.29 The annual precipitation change: 1961-2005.
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ABSTRACT

We evaluated shortgrass steppe energy budgets based on the Bowen Ratio Energy
Balance method for three different grazing intensity treatments at the Central Plains
Experimental Range Long-Term Ecological Research (CPER-LTER) site. We tested the
correlations between aboveground biomass and surface energy fluxes for three different
precipitation years based on continuously measured 20 minute interval data. Grazing has
a potential impact on energy partitioning under conditions of higher water availability,
but not during dry conditions. Our study confirms that precipitation, not grazing
treatment, explains the majority of variation in aboveground biomass at the CPER-LTER
site. In addition, we are suggesting effective temperature, not air temperature, as a
superior metric to evaluate surface heat change. Effective temperature takes into account

humidity as well as air temperature.
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I. INTRODUCTION

Grazing practices can have a major impact on vegetation production, composition,
and structure depending on grazing intensity and type of plant community (Milchunas
and Lauenroth 1993). Annual forage removal in shortgrass steppe (SGS) can range from
40% in moderately grazed to 75% in heavily grazed sites (Morgan et al. 2004).Vegetation
plays an important role in determining surface heat content throughout the growing
season as it removes moisture from the soil that is lost through transpiration (Lu et al.
2001). During the day, transpiring vegetation converts incoming solar energy into latent
heat, thus reducing maximum air temperature. At night, more water vapor above
vegetated areas increases minimum air temperatures (Hanamean et al. 2003).
Consequently, land-surface processes are increasingly featured in climate system
modeling and represented in numerical models of weather and climate (Kabat et al.
2004).

Modeling the partitioning of available energy between sensible and latent heat
fluxes on land surface and accurate simulation of the diurnal, seasonal, and longer-term
variations in these fluxes is an essential exercise for understanding how environmental
changes may impact land-atmosphere energy exchange. Latent heat contributes water
vapor to the atmosphere and tends to increase cloudiness and precipitation while
increases in sensible heat tend to increase air temperature in the planetary boundary layer.
Water cycling and energy flux partitioning can contribute substantially to the
uncertainties of terrestrial ecosystem response to climate change. Climate change and

land-use change, in turn, have strong potential to alter ecosystem functioning through
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their combined effects on both sensible and latent heat fluxes (Ferretti et al. 2003, Chapin
et al. 2002).

At the Earth’s surface, evapotranspiration (ET) is the connecting link between
water and energy budgets. ET is the combination of two processes that lose water to the
atmosphere by evaporation from lakes, reservoirs, wetlands, soil and snow cover, and
transpiration from plants. Cell walls inside the leaf are covered with a thin film of water
which readily evaporates when the stomata open to assimilate carbon for plant
photosynthesis. During this trade-off, the ratio water lost to carbon dioxide (COy)
absorbed can reach 400 (Chapin et al. 2002).

Daily and hourly water loss from a 4-year experiment at the SGS Long Term
Ecological Research (LTER) site was found to be approximately equal to the potential
ET rate immediately after large rain events, with a rapid decline up to four days following
the event (Parton et al. 1981). Water loss was generally equal to water input while actual
water loss was substantially lower than potential ET. Lapitan and Parton (1996) found
that daily ET rates closely follow seasonal patterns of rainfall and high rates of ET
coincide with the presence of green biomass, high solar radiation, and high soil moisture.

In semi-arid areas, energy and water fluxes are strongly influenced by rainfall and
grazing. In the SGS, early season rainfall (Milchunas et al. 1994, Ojima et al. 1993a,b,
Lauenroth and Sala 1992) and soil moisture (Knapp et al. 2007) are the main
determinants of above ground biomass production. Semi-arid rainfall patterns are
characterized by small events, 80% of which are 0.5 cm or less during any month of the
year (Lapitan and Parton 1996, Sala and Lauenroth 1982), with high inter-annual

variations. Low vegetation cover and low albedo are typical features of the SGS. The
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SGS has evolved under grazing by large native herbivores and grazing by livestock is the
current primary land-use of native rangeland (Milchunas et al. 1988). Herbivores have the
potential to affect ET by removing aboveground biomass thus altering microclimate. The
recommended grazing practices in SGS allows a stocking rate which removes
approximately half of the current season plant production (Milchunas et al. 1989, Klipple
and Costello 1960), although considerable variation in stocking rates exists among
ranching enterprises and public lands which permit livestock grazing.

This study evaluates the impact of grazing on microclimate and energy budgets at
the SGS-LTER site in a dry (163 mm) and two near-normal (262 and 260 mm)
precipitation years. We address how variation in aboveground biomass affects energy
budgets and soil and air temperatures and analyze surface heat energy or moist enthalpy
(He), which accounts not only for surface temperature but for the contribution of water
vapor to surface heat content (Pielke et al. 2005) and is a better metric for measuring
changes in heat content than surface temperature alone.

Our main hypotheses were:

e In semi-arid grasslands, the main affect of rainfall events on the energy balance is
to increase the ratio of latent to sensible heat fluxes for a brief period, seldom
exceeding five days. This effect is expected to be more pronounced with
increasing in leaf area, and consequently, greatest in ungrazed pastures (UG).

e Since maximum green biomass declines with increasing grazing intensity, heavily
grazed (HG) sites will have higher sensible and lower latent heat fluxes compared
to moderately grazed (MG) and UG sites.

Il. METHODS
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2.1. Study site and micrometeorological measurements

This experiment was conducted at the CPER (40° 50' N, 104° 43' W), which is a
LTER site operated by the United States Department of Agriculture — Agricultural
Research Service (USDA-ARS). The CPER is located at the northern limit of the semi-
arid SGS grassland on the western edge of the North American Great Plains and is used
extensively for livestock grazing (Lauenroth and Milchunas 1991). Total vegetative basal
cover at the site is typically 25-35% (Milchunas et al., 1989), comprised of a mixture of
Cs (e.g., Stipa comata [Trin and Rupr.] and Pascopyrum smithii [Rybd.] and C,4 (e.g.,
Bouteloua gracilis [H.B.K.] Lag.) grasses, cacti, forbs, and a sub-frutescent shrub
(Artemesia frigida [Willd.]). Bouteloua gracilis accounts for 90% of the aboveground
biomass of grasses and 30% of total aboveground biomass (Sala and Lauenroth 1982).

Long-term (52 yr) mean annual precipitation averages 321 + 98 mm (Lauenroth
and Sala 1992), with the majority occurring during May, June and July. Mean air
temperatures are 15.6°C in summer and 0.6°C in winter (Singh et al. 1998).

Grazing treatments were established in 2001 in two adjacent pastures of native
SGS vegetation and sampled over three years, 2001-2003. These pastures had previously
been grazed by cattle for over 50 years at a moderate intensity (stocked generally from
May — October at 0.16 heifers per hectare, which removes approximately 40% annual
forage production). One 62-ha pasture remained as a MG pasture. The other 97-ha
pasture was divided and converted into a HG pasture (34 ha stocked at a rate of 0.3
heifers per ha, resulting in an average 65% removal of annual forage), and a UG control
(63 ha fenced exclosure). Bowen Ratio Energy Balance (BREB) systems (Model

023/CO, Bowen ratio system, Campbell Scientific Inc., Logan, UT, USA) were installed

106



near the center of each pasture, resulting in a fetch exceeding 100 meters in all cases. MG
and HG pastures were stocked with heifers from May 16 to Nov. 1 in 2001 (normal year
with 262 mm precipitation, which is close to long term average), May 16 to Aug. 9 in
2002 (very dry year-163 mm precipitation) and from May 21 to Oct. 16 in 2003 (normal
year-260 mm precipitation). The BREB towers were erected in spring 2000 and operated
through the growing season to ensure a uniform baseline before the grazing treatments
began.

We followed the methods of Dugas (1993) and Dugas et al. (1999) to calculate
evapotranspirational fluxes of water (i.e. latent heat fluxes) from the BREB systems.
Temperature and humidity gradients were measured every two seconds from arms
mounted on micrometeorological masts positioned at 1 and 2 m height above the canopy
to determine the Bowen ratio. The Bowen ratio was, in turn, used with measurements of
net radiation (Model Q7 net radiometer, REBS, Seattle, WA, USA), average soil heat
flux from two heat flux plates (Model HFT, REBS), and soil temperature to determine
sensible heat flux. Turbulent diffusivity was assumed equal for heat and water vapor, and
was calculated using 20 minute averages of sensible heat flux and air temperatures
measured from the two tower arms. When meteorological conditions were not suitable
for the BREB method of calculating turbulent diffusivity (approximately 10% of the time
occurring primarily at night), we calculated diffusivity according to the method of Dugas
et al. (1999) using wind speed, atmospheric stability, and canopy height.

Precipitation was monitored continuously with a tipping bucket rain gauge (model
TE-525 mm, Texas Electronics, Dallas, Texas). Depending on the precipitation amount

and frequency, water loss is nearly equal to potential ET rate immediately after a rain
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event and up to four days following the rain event with a rapid decrease thereafter (Parton
et al. 1981). Therefore, we defined wet periods as one to four days after each individual
rain event, depending on the precipitation intensity and frequency under conditions when
net radiation (R,) exceeded 300 Wm™. We defined dry periods as having little or no
precipitation when the BR was greater than three.

The pastures are not in close proximity with major topographic variation so we
assumed R, and precipitation would not be substantially different among the three
pastures. Soil water content on a volume basis was measured by water content
reflectometers (model CS615, Campbell Scientific Inc., Logan, UT, USA) at 0-15 cm
below the soil surface.

2.2 Aboveground plant biomass and leaf area

Fifteen 30 m x 30 m plots were established on a grid surrounding each of the
three BREB towers. During the growing season (April-October) and corresponding with
Landsat flyovers (every 32 days), nine of these grids were chosen for Leaf Area Index
(LAI) and aboveground biomass measurements. One-meter-square quadrants were
randomly located within each of nine grids and LAI was determined by the laser point
frame method (Przeszlowska et al. 2006) using 100 points per quadrant. After LAI
determination, vegetation in the quadrants was clipped to the crown, oven-dried at 60°C,
and weighed to determine above-ground biomass. Both LAI and biomass samples were
classified as green or brown. Necromass, as defined in this study includes standing dead
brown biomass but not litter. Leaf Area Index was not measured in 2003; therefore, it
was estimated from a linear regression of the prior years’ collected biomass versus LAI

data using the following equation:
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LAl = Biomass x 0.0044 + 0.044 (R*=10.79).

2.3 Research approach

If the effects of photosynthesis and lateral advection can be neglected for
simplification, the energy budget of the SGS-LTER is represented as:

Ri=Le+H+ G, [1]
where R, is the flux of net incoming radiation, L. is the flux of latent heat into the
atmosphere, H is the flux of sensible heat into the atmosphere and G, is the flux of heat
conducted into the soil, all expressed in W m™. The ratio of H and L. is called the Bowen
ratio (BR) and expressed in Eq. [2] (Brutsaert 1982):

BR=H/L. [2]

The Bowen ratio ranges from less than 0.1 for tropical oceans to greater than 10
for deserts, indicating that turbulent energy transfer depends on the nature of an
ecosystem and the climate (Chapin et al. 2002).

Surface heat energy (H.), or moist enthalpy, accounts not only for the surface
temperature but also for the contribution of water vapor to surface heat content (Pielke et
al. 2005) and is expressed as:

He = CpT+Lwr  [3]
where C,, is the specific heat content of the air at constant pressure (at 20°C, C,=1.005J g’
Loy T is the observed air temperature at 2 m height in °K, Ly is the latent heat of
vaporization (at 20°C, L, = 2450 J g™%), r is the mixing ratio or mass of water vapor to the
mass of dry air (g g%).
To express enthalpy in degrees for comparison to air temperature we use the term

effective temperature (T,), expressed as:
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Te=H/C, =T+ Ly1/C, [4]
where T, is the effective temperature that accounts for specific humidity of the air;
therefore it has contributions from both sensible and latent heat (Pielke et al. 2004, 2005).

2.4 Data quality check and processing

We focused on daytime (7 am to 7 pm Mountain Standard Time) energy fluxes to
avoid the prevalence of large errors in nighttime measurements due to small values in the
available energy (i.e. Ry-G,). The Bowen Ratio method closes the energy balance.
Therefore, in order to detect possible errors, we summed sensible, latent, and soil heat
fluxes and checked the total against net radiation data (formula 1). Differences greater
than 50 Wm were considered errors and were removed from the data. We removed 2 to
5% of the total data from each grazing treatment.

We averaged the energy fluxes and summed precipitation on a daily basis for the
growing season for each of three different grazing treatments: HG, MG, and UG.
Differences among treatments were determined using one-way ANOVA statistical test
(SPSS, Inc. SPSS. 2004).

I1l. RESULTS

3.1. Green biomass and necromass

Differences in grazing intensity did not significantly impact green biomass
amount harvested during the 2001-2003 growing seasons (Table 3.1). Observations did,
however, tend to follow the expected pattern of higher green biomass in the UG pasture
and lower green biomass in the HG pasture (Table 3.1, Fig. 3.1). Peak green biomass
occurred in June, and was greatest in the MG pasture (Fig. 3.1). The UG pasture, as

would be expected, showed a consistent pattern of higher necromass at the end of the
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season than the grazed pastures with the exception of the 2002, due to substantially
lower-than-normal precipitation (Fig. 3.2).

As is common in semiarid grasslands (Knapp et al. 2007, Milchunas et al. 1994,
Ojima et al. 1993a,b, Sala and Lauenroth 1982), there was substantial inter-annual
variability in the amount of green biomass (Table 3.1). Consequently, maximum standing
green biomass was only 24 g m™ in the dry year 2002, compared to 103 and 145 g m™
measured in the more normal precipitation years 2001 and 2003. Maximum necromass
greatly exceeded maximum green biomass (100 g m™ vs. 24 g m™) in the very low
precipitation year 2002 (Figs. 3.1 and 3.2). Precipitation events led to predictable
increases in volumetric soil water (data from MG shown in Fig. 3.3).

3.2 Near-surface energy fluxes

Mean H values were higher than L. in all years and grazing treatments, expressing
the impacts of ground cover, biomass and LAI in semiarid grasslands (Tables 3.1 and
3.2). As would be expected, there was a relative increase in H and G, with respect to R,
in a dry year (Table 3.2), indicating that the energy tended to be used primarily to heat
the air and soil first, and what remained was available for evaporation and transpiration.
The general seasonal trends of H and L. are shown in Figure 3.4 for the MG pasture in
2001. Soil heat flux showed no trend and was relatively low throughout the study period,
averaging 52 Wm™. About 45% of incoming R, went to H, 38 % to L. and 18% to G,
during the normal years versus 61% of R, to H, 19% to L. and 20% to G, during the dry
year (Table 3.2).

With the exception of 2003, grazing treatments did not result in detectable

differences in H, L. and R,.. In 2003, R, was greater in the HG treatment compared to the
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UG (p<0.001) and MG (p<0.048) treatments (Fig. 3.5). These treatment differences in R,
became more evident later in the season (Fig. 3.5) as necromass increased (Fig. 3.2).
Furthermore, H was greater in the UG treatment than the HG treatment (p<0.025), while
Le was lower in the UG treatment compared to the MG (p<0.001) and HG (p<0.001)
treatments (Table 3.2), all of which did not follow expected patterns.

Overall seasonal totals of energy fluxes followed the expected relationships with
precipitation and soil moisture: L, was higher at the beginning of the season when the
rainfall amount was relatively high, and decreased as the soil dried out in late summer
(Fig. 3.4).

3.3 The impact of green biomass on energy variables for wet and dry periods

3.3.1. Wet periods

Wet periods were selected for this analysis as one to four days after the rain
events when R, exceeded 300 Wm™. In 2001, 2002, and 2003 there were 30, 13, and 26
days, respectively, which qualified as wet periods.

We observed a clear pattern of higher L. with higher green biomass (Fig. 3.6).
Moreover, during these wet periods, latent heat fluxes (evaporation and transpiration) for
the HG treatment were generally higher than for the UG and MG treatments and this
difference increased as green biomass increased. Observations of H, were highly variable
and did not correlate with grazing intensity or green biomass. There were no significant
differences observed for G, (not shown).

To evaluate near-surface energy flow, we looked at the gradient in air temperature

between 1 m and 2 m. During wet periods, the air temperature decreased as green

112



biomass increased but there were no apparent differences due to grazing treatment
(Fig.3.7).

3.3.2 Dry periods

We defined dry periods as periods with little or no precipitation when the BR was
greater than three. In 2001, 2002, and 2003 there were 23, 80, and 18 days classified as
dry periods. No clear relationship was observed between energy fluxes (Fig. 3.8) or air
temperature gradients (not shown) and amount of green biomass during those dry
periods. Values of L were always lower than H in dry periods with green biomass higher
than 20 g m™ (Fig. 3.8).

3.4 Surface energy and temperature

On a seasonal basis, grazing treatment did not impact inter-annual differences in
mean, maximum, or minimum air temperatures for the study period. Therefore, air
temperatures were averaged for all treatments (Table 3.3).

Under low wintertime humidity, there was no significant difference between T
and T, (Fig. 3.9). When the humidity was higher during the growing season, differences
between T and T, increased (Fig. 3.9). During the dry year (2002) T, was lower than the
years (2001 and 2003) with relatively normal precipitation levels (Table 3.3). No grazing
treatment differences were found for Te.

1Y. DISCUSSION

Short-term changes in grazing intensity had little impact on this semiarid
grassland which is characterized by relatively low production and standing biomass. Our
results confirm the findings of Milchunas et al. (1994), Ojima et al. (1993a,b), Lauenroth

and Sala (1992) that variability of forage production may be explained primarily by
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precipitation and soil moisture (Knapp et al. 2007), and the magnitude of that variability
in forage production was more sensitive to annual fluctuations in precipitation than to
short-term differences in grazing intensity. The lack of early-season rainfall in 2002 led
to extremely low biomass production despite late-season precipitation events.

The general lack of major differences in near-surface fluxes between grazing
treatments (Table 3.2) may be due to higher soil temperatures at the grazed sites possibly
causing greater emissions of near-surface longwave radiation, as suggested by Bremer et
al. (2001). On the other hand grazing treatment resulted in more uniform horizontal
distribution of aboveground biomass (Milchunas et al. 1989). Grazing did not
significantly influence crown biomass but there was a tendency for the relative
contribution of crown material to total plant biomass to increase with grazing in SGS
(Sims et al. 1978). In 2003, however, R, was consistently and statistically significantly
higher at the HG site than at the UG and MG sites throughout the growing season (Fig.
3.5). Contrary to our expectation, we found the lowest H and the highest L, in the HG
treatment. This relationship was somewhat amplified later in the growing season,
possibly due to necromass accumulation, more uniform crown cover and a resultant
decrease in albedo. Therefore, we suggest that further measurements of albedo are
necessary to better understand the amount of absorbed incoming radiation.

We did not find any significant grazing treatment effects on air temperature. Most
of the time, however, the grazed pastures had higher soil mean and maximum
temperature than the UG pasture, as was suggested by Parton (1984) and Milchunas et al.

(1989).
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Overall, seasonal patterns of energy fluxes; higher L, and lower H during the first
half of the growing season and higher H and lower L. at the second half of the season,
and spikes in fluxes with each precipitation event (Fig. 3.4) were as expected. We clearly
observed that green biomass increased with increasing latent heat flux and decreasing
sensible heat flux during the wet periods (Fig. 3.6) but not during the dry periods (Fig.
3.8). It is likely that years with higher production would better illustrate these
relationships (Milchunas and Lauenroth 1993). Inter-annual variability in energy
partitioning between dry and normal years was observed (Table 3.2).

We did not find major grazing treatment effects on surface heat energy and
effective temperature. This is due to a lack of clear response of the energy budget to
grazing treatments, and no responses of humidity with sufficient magnitude between
grazing treatments (Fig. 3.9). As is typical of many ecosystem responses in this strongly
water-limited grassland system, inter-annual and seasonal variations in humidity have
greater influence on the ecosystem than the comparatively subtle effects of grazing.

V. CONCLUSIONS

We evaluated the energy budget of three grazing treatments during two years with
near-normal precipitation and a one year with very low precipitation at the SGS-LTER
site, a semi-arid grassland, using the BREB method. We studied the relationship between
aboveground biomass and surface heat, energy fluxes, and temperature based on
continuously measured 20 minute interval data.

We found clear seasonal and inter-annual variability that followed expectations
for most response variables. The UG pasture tended to have more green biomass than the

grazed pastures although no statistically significant. The necromass followed the same
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pattern later in the growing season during years with near-normal precipitation. We did
not find major differences among grazing treatments in aboveground biomass or energy
fluxes. This follows findings by LeCain et al. (2000, 2002), showing mostly minor
impacts of grazing treatments on seasonal and short-term CO, exchange. We found the
same to be true for ET rate and energy fluxes in this study. Although we did not find
major green biomass differences between grazing treatments at the SGS-LTER site,
differences in total annual precipitation resulted in significant differences in green
biomass (Table 3.1). The seasonal distribution of precipitation was a major determinant
of plant growth in SGS-LTER site. At global scale, aboveground biomass is more
sensitive to ecosystem-environmental variables than grazing and grazing at the SGS-
LTER site has unusually small impacts relative to grasslands elsewhere in the world
(Milchunas and Lauenroth 1993).

We clearly observed a pattern of higher latent heat flux with higher biomass
during wet periods (Fig. 3.6). This suggests a potential impact of grazing on energy
budgets if grazing treatments had led to a measurable difference on green biomass.

There were no major difference in green and total biomass among the three levels
of grazing, making it difficult to detect treatment effects. Given that “the energy balance
will not close perfectly at every timescale all the time even in the very best dataset from
an ideal experimental site” (Kabat et al. 2004), measurements of biomass performed with
greater frequency may have yielded measurable responses to grazing. This is something
to consider in future studies of this semiarid system, one that is characterized by
seasonally- and annually-important responses to short-term events of relatively small

magnitude.

116



Further measurements of albedo are necessary to investigate the amount of
absorbed incoming radiation for different grazing treatments. In addition, it would be
useful to have separate estimates of water loss via evaporation and transpiration to be
able to distinguish water loss from the soil surface versus the vegetation. We recommend
further testing of the assumption that grazing treatments should have an impact on the
surface energy budget when green biomass is significantly impacted. Metrics of leaf area
index, vegetation greenness and albedo using remote sensing technology would help in
the study of surface energy budgets because of more continuous data availability.
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Table 3.1. Mean and maximum green biomass and leaf area index (LAI) in different
grazing treatments.
UG - ungrazed; MG — moderately grazed; HG — heavily grazed

Grazing treatments 2001 2002 2003
UG 475 11.0 55.1
Green biomass MG 43.8 7.3 45.6
(gm? HG 36.2 9.2 40.3
Mean 425 9.2 47.0
Maximum 102.6 23.6 145.3
UG 0.253 0.093 0.287
Leaf Area Index MG 0.237 0.076 0.245
(m’m?) HG 0.203 0.085 0.221
Mean 0.231 0.084 0.251
Maximum 0.495 0.148 0.683

Note: LAI data for 2001 and 2002 are from the measurements but for 2003 is converted
from the biomass data using the following equation:
LAl=Biomass x 0.0044+0.044 (R*=0.79).

Table 3.2. Mean net radiation (Ry), soil (G,), sensible (H), and latent (L¢) heat fluxes for
the growing season of 2001-2003 years for each grazing treatment.
UG — ungrazed; MG — moderately grazed; HG — heavily grazed

Energy fluxes Grazing treatments 2001 2002 2003
UG 285 273 278
Rn, Wm™ MG 283 285 289
HG 292 276 305
Mean 287 278 291
UG 49 52 48
Go, Wm MG 59 63 42
HG 54 55 48
Mean 54(19%R,) 57(20%R,)  46(16%R,)
UG 125 174 146
H, Wm?™ MG 117 169 137
HG 124 165 132
Mean 122(43%R,) 169(61%R,) 138(47%R,)
UG 110 48 85
Le Wm™ MG 106 53 110
HG 114 56 126
Mean 110(38%R,) 52(19%R,)  107(37%R,)
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Table 3.3. Mean (Tair) and effective (Te) temperatures and moist enthalpy (He) for the
growing season of 2001-2003 years averaged for all grazing treatments.

Variables 2001 2002 2003
Mean 16 16 16
Tair, °C Maximum 36 38 38
Minimum -12 -14 -16
Mean 28 27 27
Te, °C Maximum 61 56 59
Minimum -9 -11 -13
He, J kg™ Mean 317 313 315
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Figure 3.8. Latent (a) and sensible (b) heat fluxes versus green biomass for dry days (for
all years). UG — ungrazed; MG — moderately grazed; HG — heavily grazed
e UG; UG linear trend; o MG; MG linear trend; A HG; HG linear trend.
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Figure 3.9. Air (line with x) and effective (line) temperatures (°C) averaged for all

grazing treatments at 14:00 Mountain Standard Time: 2001-2003 years. DOY - Day of
year
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DISSERTATION CONCLUSIONS

This study evaluated the long-term climate change in Mongolia, one of the
biggest continental regions of Asia, based on 17 meteorological stations’ meteorological
data. From the exposure characteristics survey of total 17 stations, 47 percent are
qualified as strongly influenced by urban character landscape, 41 percent received some
anthropogenic influences, and 12 percent had very little to no anthropogenic influences.
Consequently, this implies the global-averaged temperature anomalies based on the data
from these stations do not completely satisfy WMO standards. Therefore, strict adherence
in following WMO guidelines is important and urgently needed. Proper action such as
removing at least unused objects close to the instruments are recommended.

In addition to that, the study included the comparisons of surface and upper air
trends at above-mentioned 17 stations and suggested effective temperature as an
appropriate metric to measure the warming instead of air temperature. The main climate
change indices were calculated at 17 stations based on the surface stations’ daily data and
long-term (1961-2004) versus decadal (1998-2007) temperature trends for annual and
seasonal trends have been evaluated within this dissertation for further use of global and
regional climate study. According to the linear trend analysis from 1961 to 2004, the
highest annual and seasonal temperature changes mostly occurred in the coldest north
western mountain area of the country. The least changes occurred in the eastern plain.
The results supported our hypotheses that the most temperature increase occurred during

the winter months. The annual T« Significantly increased at eleven stations and slightly
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(not significant) increased at six stations. The annual minimum temperature significantly
increased at sixteen stations and slightly decreased at Ondorkhaan station. Mostly, the
maximum and minimum temperatures significantly increased in winter and summer
seasons and slightly increased during spring and fall seasons. Some of the stations had
decreasing trends but none were significant. In addition, Mongolian grasslands degraded
rapidly in recent years due to severe droughts and decertification that increases the
sensible heat energy partitioning in the surface energy budgets as we studied in the case
study at the SGS. This contributes to increases in the air temperature throughout the

country.

We observed the similar trends in seasonal surface heat, effective temperature and
2 m air temperature for winter, spring and fall at 17 stations but not for the summer when
the air humidity is higher. During the summer, some of the stations (8 out of 17) had
opposite temperature and surface trends. This indicates the temperature increase (or
decrease) does not really mean the surface heat increase (or decrease) because it also
depends on the humidity. Therefore, we are suggesting effective temperature as an
appropriate metric to measure warming instead of air temperature. The most of the
stations decadal temperature analysis indicate decreasing trends during the winter and
spring due to very cold winter and spring of 2000, 2002 and especially 2005, which was
not included in the long-term (1961-2004) trend. Ten, 13, 5, 2, and 2 stations had
decreasing Tmean trends respectively for winter, spring, summer, fall and annual, which

are opposite from long-term trends.

According to the 17 climate change indices, most of the stations frost and icing

days decreased and summer days, tropical nights, monthly maximum value of daily
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minimum and maximum temperatures are increased. In addition to that, GSL increased at
all sites. Clearly, we observed temperature increasing trends at most of the stations.
Precipitation indices varied a lot and there were no unified temporal and spatial pattern.
The linear trend diminishes the biggest monthly changes and the annual and seasonal
precipitation changes were not significant. The most precipitation change occurred in the
summer (mainly decreased). The standard deviations and coefficient of variations were
very high. Our comparisons of surface temperature data to the upper air (at 500 and 700
mb level) ECMWF and NCEP model data for the selected nine (GCON) stations show

that the best correlations between surface and ECMWF data.

We studied the relationship between aboveground biomass and surface heat,
energy fluxes at the SGS-LTER site as a case study, to describe semiarid grassland
surface energy budgets. We found clear seasonal and interannual variability that followed
expectations for most response variables. For example; the ungrazed pasture tended to
have more (not significant) green biomass than the grazed pastures and the necromass
followed the same pattern later in the growing season during years with near-normal
precipitation. We did not find big differences among grazing treatments in aboveground
biomass or energy fluxes but we clearly observed a pattern of higher latent heat flux with
higher biomass during wet periods. This suggests a potential impact of grazing on energy
budgets if grazing treatments had led to a measurable difference on green biomass. There
were no major difference in green and total biomass among the three levels of grazing,
making it difficult to detect treatment effects. Based on our findings, we suggest that
further measurements of albedo are necessary to investigate the amount of absorbed

incoming radiation. In addition, it would be useful to have separate estimates of water
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loss via evaporation and transpiration to be able to distinguish water loss from the soil
surface versus the vegetation. Further testing of the assumption that “grazing treatments
should have an impact on the surface energy budget when green biomass is significantly
impacted among treatments” is recommended. Estimations of leaf area index, vegetation
greenness and albedo using remote sensing technology would help in the study of surface

energy budgets because of more continuous data availability.

135



