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CHAPTER

INTRODUCTION

This chapter is divided into four sections. Firstly, a general background is introduced
on the topics of research status and methods, climate model and its development,
climate change and land use/cover change in the North Tianshan Mountains (NTM),
and oasis effects (Section 1.1). Secondly, detailed information on the study area is
presented to establish why it was chosen as the case study (Section 1.2) and section
1.3 mainly introduces the Weather Research and Forecasting(WRF) model, its
configuration, all of the datasets used in this dissertation (Section 1.4). Finally, the
rationale and synopsis are discussed (Section 1.5)



Introduction

1.1 Overview

Global warming has become a definite fact based on the Fifth Assessment Report (ARS)
from the United Nations Intergovernmental Panel on Climate Change (IPCC) and human
activity is the primary reason of the warming (Hartmann et al., 2013). The contribution to
climate change, the relation between climate change and human activities have always been
the focus both at home and abroad (Pachauri et al., 2014). The IPCC ARS also stated that
the average global land surface temperature increased by 0.3-4.8 °C with a rate of
0.13 °C/decades from 1986 to 2005, and the most sensitive areas to climate change were
arid and semi-arid regions (IPCC, 2012). Few precipitation, seriously deficient water
resources, intense potential evaporation, fragile ecological environment make arid areas
sensitive to various human activities and to climate change. The Central Asia (CA),
including the Xinjiang Province in China and five nations of Kazakhstan, Kyrgyzstan,
Tajikistan, Turkmenistan and Uzbekistan (Hu et al., 2014; Li et al., 2015), 1is typical mid-
latitude arid area, and has unique mountain-basin terrain structure. Precipitation in the area
shows non-uniform patterns, that means the precipitation becomes drier in some areas,
whilst in some areas it does not show any change, and also in some area sharply increases,
such as the North Tianshan Mountains (NTM) (Chen et al., 2015). Here, the NTM, located
in the hinterland of Central Asia, means the north slope of Tianshan Mountains. The
boundary ranges of the NTM is from the eastern longitude 80° to 92° and the northern
latitude 40° to 50° in this dissertation.The average precipitation amount in Central Asia
decreased significantly with a rate of 2 mm/year. The temperature in Central Asia also
significantly increased with 0.40 °C /decades from 1975 to 2015. However, both the
temperature and precipitation in NTM increased significantly with a much larger rate.
Horton et al. found that these (heat and water) dynamics of the regional climate change are
largely independent of or potentially related to Land Use/Cover Change (LUCC) processes
(Zhou et al., 2015; Horton et al., 2015; Qu et al., 2013).

The LUCC affects climate systems through altering surface biogeochemical and
biogeophysical parameters, thereby influencing the energy budget and water budget
(Brovkin et al., 2013). Because of the lack of water resources in the arid area, the ratio of
sensible heat and latent heat exchange between the surface and the atmosphere is increasing.
Moreover, the impact of energy budget and water budget on the climate is different from

that in humid regions and monsoon climate regions. Due to the limitation of knowledge
2
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and shortage of interdisciplinary cooperation, there is still lack of full understanding of the
mechanism of the procedures of the climate process and how the land use changes influence

the regional climate in the arid area (Feddema et al., 2005)

1.1.1. Research status and methods

The mechanism of near-surface climate change and the impact of LUCC on local/regional
climate change under the background of global climate change is a complex multi-
disciplinary problem, including water, soil, gas, and biomass changes and mutual feedback
mechanisms. Energy balance and water cycle are two important processes that interact with
each other in the climate system. According to atmospheric dynamical equations, the
sensible heat and latent heat fluxes decide the atmospheric temperature and humidity (Sun,
2002), and the change of the sensible heat and latent heat flux is directly linked to the
atmospheric circulation and the ascent and sinking movements. Therefore, the sensible and
latent heat, as well as the corresponding temperature and humidity conditions, and changes
of these elements play an important role in analysis and exploration of day, night, seasonal
and long-term weather, climate change or abnormal climate system (Pitman, 2003). At
present, the land-atmosphere interaction and its relationship with climate change are mainly
studied by statistical analysis of observational data (Zhou et al., 2005) and numerical

simulation using climate models.

A series of international cooperation projects or research projects working on climate
change and human activities have been implemented to explore the relation between LUCC
and climate change, such as the LUCC and Global Environmental Change, co-sponsored
by the International Human Dimensions Programme on Global Environmental Change and
the International Geosphere-Biosphere Programme (IGBP); the Global Energy and Water
Cycle Experiment funded by the World Climate Research Programme (Coughlanand
Avissar, 1996); the Heihe Watershed Allied Telemetry Experimental Research launched
by the National Natural Science Foundation of China (Li et al., 2013). These experimental
observations contributed a large number of raw observational data of land surface
parameters in arid regions. These datasets are all devoted to revealing the relationship
between different land-atmosphere interactions and changes in water-heat fluxes and
climate change through water and heat budgets, and some qualitative and quantitative

theories in land-atmosphere interaction process. However, due to the uneven distribution
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of observation stations and limited by various natural and human factors, the temo-spatial
observational data are discontinuous, and observations cannot identify other influencing on

the local/regional climate from the climate backgrounds.

Numerical simulation using climate model is another important method to reveal the
mechanism and process of climate change, especially using the coupling of climate models
and land surface models (Meng et al., 2015; Wen et al., 2012; Miao et al., 2011; De Troch
et al., 2013), besides observation of meteorological, carbohydrate and energy fluxes (Li et
al., 2016). There are studies or numerical simulations of the effects of LUCC on the climate,
but there are still a lot of uncertainties in the current knowledge (Deng et al., 2013). Since
there is a great difference in the physical, chemical, and biological characteristics of the
land surface within different regions on the Earth, the impacts of LUCC on the regional
climate systems also vary greatly. For example, arid area, where have been experiencing
distinct land use changes and which is sensitive to climate change, has been significantly
different from the response due to a great difference in the physical, chemical and biological
characteristics of the land surface (Huang et al., 2015). On the one hand, accurate
representation and retrieval of LUCC and land surface parameters is one kind of solutions
to decrease the uncertainties, which relies heavily on the development of remote sensing.
On the other hand, it is necessary to enhance the study of land surface process and climate
processes, which not only requires mathematical physics models to effectively simulate
land-atmosphere interaction, but also needs to improve the observation and understanding
of surface process, thereby providing reasonable and effective initial parameters for

mathematical physics modeling.

In addition, to research on the influence of LUCC on the regional climate, more attention
should paid on the influence of irrigation on regional climate, especially in arid area. At
present, 70% of human water is used for farmland irrigation (Douglas et al., 2009), and
farmland in arid and semi-arid areas, has to be irrigated in general. So far, some simulation
studies have shown that irrigation can reduce the regional temperature and daily range of
temperature (Lobell et al., 2009). The change in irrigation scale and irrigation method has
been expected to influence the local climate since it directly influences the soil moisture,
which will further affect the land surface albedo, evaporation, regional temperature as well
as precipitation. Conversely, quantitative research on how climate responds to effective

drip irrigation in arid area is still rare. Moreover, the cooling effect of irrigation is obscured
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due to global climate changes. For example, the temperature of irrigated oasis in the NTM
has been increasing in the past 40 years according to observation. Therefore , based on
numerical simulations, to distinguish the influence of large-scale oasis irrigation on
local/regional climate from global climate changes in arid area is the main focus issue of
oasis climate effects, which is of great significance to understanding of regional ecological

oasis stability and oasis sustainable development.

1.1.2. Climate and land surface model development

Since the theoretical framework of Global Climate Models (GCMs) proposed by Phillips
in 1956, meteorologists and ecologists from all over the world have made great
achievements in modifying a dynamics framework, improving land surface schemes and
parallel computing researches. On the basis of large-scale convective parameterization
schemes, simpler land surface processes and a low spatial resolution (100-300 km) (Kysely
etal., 2016), GCMs are normally used in big regions in order to predict climate change and
are unable to resolve many important meso-microscale processes adequately, like wind
patterns and precipitation due to orographic effects on a complex terrain or in mountainous
areas. This deficit could be fatal in the application of GCMs to simulate the region-scale or
local-scale climate. Moreover, the meteorological forcing data and basic terrestrial datasets
prescribed in GCMs in mountainous regions are scarce and poor in accuracy, especially the
atmospheric circulation is greatly uncertain in this region. In order to combat the low
resolution of GCMs, Regional Climate Models (RCMs) have been developed due to its
high spatial resolution and a better picture of the topography. RCMs incorporate more
physical processes and could simulate the climate characteristics for a special terrain with
a complex geomorphology better (Feser et al., 2011), including PRECIS (Providing
Regional Climates for Impact Studies)(Li, 2011), RIEMS (Regional Integrated
Environment Modeling System) (Cao et al., 2014), RAMS (Colorado State University
Regional Atmospheric Modeling System), TRAMPER (Tropospheric Realtime Applied
Meteorological Procedures for Environmental Research) (Gsella et al., 2014), MM5
(Pennsylvania State University-National Center for Atmospheric Research Mesoscale
Model the 5 generation) (Gsella et al., 2014), COSMO-CLM (CCLM) (Davin et al., 2011),
BCC_CSM (Beijing Climate Centre Climate System Model) (Li, 2014) and RCA3 (Rossby
Centre Regional Climate model) (Samuelsson et al., 2011), ALADIN (the Aire Limitée
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Adaptation Dynamique Développement International mode) and its updated version

ALARO (Hamdi et al., 2014).

The REGional Climate Model (RegCM) and the Weather Research and Forecasting model
(WRF) are current widely used. The WRF model is an advanced mesoscale numerical
weather prediction system designed for both climate research and numerical weather
prediction (Skamarock et al., 2005). It was developed jointly by the National Center for
Atmospheric Research (NCAR) and the National Centres for Environmental Prediction
(NCEP). Compared to the results from RegCM3, the WRF has a relatively good

performance in simulating precipitation (Miller et al., 2009).

Land-surface process schemes serve as a component of climate models to maintain the
energy and moisture balance; while climate models provide initialization and boundary
conditions for land-surface process. With the development of computer technology and the
understanding of land surface process, people gradually come to realize the importance of
the land surface process in climate predictions, and climate models are sensitive to the
parameterization of land surface process after a series of numerical sensitivity experiments
(Sun, 2002). An accurate and detailed land surface process scheme that describes the
interaction between land and atmosphere is the key to a successful regional climate
modeling (Lu et al., 2003) and is an effective way to simulate the impact of LUCC on the
regional climate (Lamptey et al., 2005). Land surface process experienced below four

phases (Table 1-1).

The NOAH land surface model was also developed through multi-institutional
collaborative efforts among NCAR, the U.S. Air Force Weather Agency, the National
Aeronautics and Space Administration (NASA) and the university community (Yin et al.,
2016; Tewari et al., 2004; Chen et al., 1996). The abbreviation NOAH is composed of first
letter of NCEP, the Oregon State University (Dept of Atmospheric Sciences), Air Force and
the Hydrology Lab (formerly Office of Hydrology). The NOAH is a one-dimensional land
surface scheme that describes soil moisture, soil temperature, surface temperature, snow
depth, snow equivalent, canopy water content, and surface energy and moisture flux on the
earth's surface. It was then included in the Project for the Intercomparison of Land Surface
Parameters and the Global Soil Wetness Project and the Distributed Model Intercomparison

Project. It can be used independently or coupled with MMS5, WREF, etc. After the version
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2.2, the NCEP real-time Land Data Assimilation System was added. The NOAH is good

for ecological and hydrological processes simulation.

Table 1-1 Development Process and Contents of Land Surface Process Models

Time Category Contents Representative models
1969 Bucket scheme Near-surface layer of Evaporation and runoff occurs only
soil is modelled as a when the bucket is full and the
bucket evaporation rate is a linear function of
the water amount in the bucket (Manabe,
1969)
1978 Soil-vegetation- Only soil, ice and lakes BATS(the Biosphere-Atmosphere
1997 atmosphere transfer are described Transfer Scheme) (Dickinson et al.,
scheme 1993), SiB (Sellers et al., 1986),
ISBA (Interaction Sol-Biosphére-
Atmosphere) (Noilhan and Mahfouf,
1996)
1990- Biochemical Added the vegetation LSM (the land-surface model) (Bonan,
scheme photosynthesis and 1996), CoLM (Common Land Model)
carbon exchanges (Bonan et al., 2011)
Recent  Comprehensive Improving urban SURFEX (SURFace EXternalisée) (Le
10 scheme canopy, dynamic Moigne et al., 2009), NOAH, NOAH-
years vegetation and MP
hydrological process
1.1.3.  Climate change and LUCC in the North Tianshan Mountains

The NTM is one of the typical geomorphological areas, which consists of a great number
of complex Mountain-oasis-desert ecoSystem (MODS). Since the 1950s, the region has
been experiencing distinct intense land reclamations, including grazing in the mountainous
areas, but mainly oases expansion and urbanization, building dams on inland rivers and the
unrestrained extraction of groundwater for irrigation in the basin areas (Hong et al., 2003;
Zhang et al., 2017¢; Jia et al., 2004). As a result, the irrigated oases area expanded 4 times
more than the original size (from 121.0x 10* hm? in the year 1949 to 512.5% 10* hm? in
2010), and irrigation methods changed from a large-scale traditional flood irrigation at the
beginning to modern drip irrigation systems (Fan et al., 2013). Thereby, a series of
ecological problems appeared, such as regional desertification, soil salinization and
drawdown due to groundwater withdrawal for irrigation (Sun et al., 2011; Wang et al.,
2008). Meanwhile, recent studies indicate that the mean annual air temperature in the NTM

has increased at an average rate of 0.8 °C decade ' (He et al., 2003), which is far larger
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than the average rate of the CA (i.e. 0.39 °C decade™! from 1979 to 2011) and of global
land areas (i.e. 0.27-0.31 °C decade ™! from 1979 to 2005) (Hu et al., 2014). Precipitation
and the frequency of extreme precipitation show an obvious augmenting tendency in NTM
at an increase rate of 11.3% (He et al., 2003; Xu etal,. 2004; Lianmei, 2003), while
generally, other areas in CA show a slight decrease in the average annual precipitation
(Lioubimtseva and Henebry, 2009; Gessner et al., 2013). The LUCC affects change
significantly surface water-heat patterns and local/regional climate. For example, it
displays urban heat island effect of oasis-city comparing with oasis background, but cooler
than the periphery desert due to irrigation and oasis crop effects (Lzzarini et al., 2015). The

effect of LUCC on environment may be far more than that of global climate change.

1.1.4. Oasis effects

As unique non-zonal landscapes on a medium-small scale, oasis systems with a relatively
high primary productivity are developed on the background of deserts in mountain and
basin systems in the arid area (Luo et al., 2010). Oasis is antagonistic and interactive with
the desert. On the one hand, oasis is developed on the background of the desert based on
the runoff from mountainous areas and irrigation based on the unrestrained extraction of
groundwater. On the other hand, both oasis and desert are complex dissipative structures
in MODS. In fact, many of the existing oases can be stabilized or even developed while
others are degenerating. The limited water and land resources are keys to both the oasis and
the desert. Although oases account for only 4-5% of the total area of the arid regions, over
90% of the population and over 95% of the social wealth are concentrated in the oases
(Meng et al., 2009). Thus, oases play a vital role in the social and economic development
in the dry region and it is the most essential part in MODS. The development and ecological
stability of oases and the interaction between the oasis and the desert have been hot in arid

arcas.

In recent literatures, several studies (based on both field observations and numerical
simulations) focused on the exchange of water and energy between the oases and the
surrounding deserts (Li et al., 2013; Li et al., 2016b; Ling et al., 2013; Wang et al., 2016).
According to the observation, the average albedo value over the oasis is approximately 0.15,
which is much lower than the value of 0.25 regarding over the desert (Zhang and Hu, 2001).

Shortwave radiation absorbed by the oasis surface is 16% higher than the adjacent deserts,
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whereas the upward longwave radiation emitted by the surface is lower than the adjacent
deserts, which ultimately results in the net radiation flux of the oasis being significantly
higher than the surrounding deserts. It has been found temperature inversion over oasis and
negative sensible heat fluxes of oases based on observations (Wang et al.; Rosenberg, 1969;
Su and HU, 1987; Chen et al., 2005), demonstrating “oasis cold island effect” is definite
(Li et al., 2016). Meanwhile, moisture inversion over the desert surface layer near oases is
also observed and is called “desert effect”. These interaction between oasis and desert were
explained and further studied using numerical simulations, including moisture inversion
over the desert surface layer were confirmed (Gao et al., 2004; Meng et al., 2012; Meng et
al., 2009; Meng et al., 2015; Chu et al., 2005; Han et al., 2010; Wen et al., 2012). During
daytime, solar radiation heats the desert surface and rapidly increases the near-surface
temperatures in desert areas. In contrast, the oases’ temperature is lower than that over the
surrounding desert due to the intense evaporation (Li et al., 2016a), while the humidity is
higher than that in the desert. The strong water-heat difference between the oasis and desert
causes a local circulation between oasis and desert. The air density and pressure in the near-
surface layer in the desert are lower than in the oasis. The pressure difference drives cold
moist air to flow from the oasis to the desert, resulting in a moisture inversion in the desert
(Liu et al., 2007). In the upper-air, the hot dry air over the desert flows toward the oasis,
resulting in the oasis becoming a cold, wet island capped by a warm, dry air. This study
results confirmed further the observation of temperature inversion layer and negative
sensible heat fluxes in oases (Li et al., 2013; Su and Hu, 1987; Rosenberg, 1969; Wang et
al., 1993). Therefore, the Oasis Breeze Circulation (OBC) caused by the significant energy
and vapor differences both in horizontal and vertical directions between oasis and desert

forms, maintaining development of oasis. (Figure 1-1).
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Figure 1-1. Schematic diagram of the interactions between an oasis and desert cited from paper
(Lietal., 2016a).

1.2 Study area

The NTM is located deep inside the CA with special geomorphology of mountain-
basin structures. The water resources come only from the mountains (the Tianshan
Mountains are the water towers of the CA), whose rivers are all fed by important hydrologic
processes of snow and glacial melting, and precipitation from the mountain ranges
(Immerzeel et al., 2010), flow into artificial lakes and disappear in the desert area in the
basin (Luo et al., 2010). Based on the limited runoff (Bothe et al., 2012) and the unrestricted
groundwater exploitation (Ming jiang, 2009), oasis systems with a relatively high primary
productivity are developed in the groundwater overflow zone and the surrounding deserts
between the mountain and the desert (Luo et al., 2010). Thus the NTM can be divided into
various watersheds consisting of mountains, oases, and desert areas, called as the
Mountain-Oasis-Desert ecoSystem (MODS). In general, the elevation of such typical
MODS increases dramatically from a few hundred meters in the plain to over 5,000 meters
above sea level in the mountainous area within a horizontal distance of less than 100
kilometers, which develops a natural vertical zone spectrum of land cover including
snow/ice, alpine meadow, mid-mountain forest/meadows, low-mountain dry grasslands,

alluvial plains, oases and plain deserts, etc. (Figure 1-4b).
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Figure 1-2. Central Asian circulation background

The CA is controlled by both the westerly circulation in the middle-high latitudes and
monsoon from the southern and eastern Asia (Bothe et al., 2012). Since the Tianshan
Mountains block the water vapor from the Pacific Ocean and the Indian Ocean, whereas
faint water vapor coming from the far Arctic Ocean and the Atlantic Ocean is also
concentrated in the mountains due to the topography (less than 250 mm in the basin regions
and 900 mm in the mountains). The annual average temperature in this area is 6.6 °C, the
average temperature is 24.8 °C in the hottest month and 16.1 °C in the coldest month, the
annual extreme temperature ranges from -42.8 to 43.1 °C. The average annual temperature
in the glacier region is -10.5 °C, while the mean annual temperature in the plain area is
about 11.8 °C. Thus, the NTM experiences the typical arid continental climate with
categories of scarce and concentrated rainfall, sufficient sunshine, large evaporation, severe

temperature changes, dry climate.

1.3 Methodology

1.3.1. WRF

The WREF is an advanced mesoscale numerical weather prediction system designed for both

atmospheric research and operational forecasting needs. It is jointly administered by the

National Center for Atmospheric Research and the National Centers for Environmental

Prediction. The WRF model has two cores, the Advanced Research WRF (ARW) and the
11
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Nonhydrostatic Mesoscale Model (NMM) (Skamarock et al., 2001) for research and
business, respectively. There are various land surface models (LSMs) prescribed in the
WRF. The NOAH is a widely used land surface process in WRF. The main input
parameters for WRF-NOAH are the first-level parameters including the land use (LU) types,
soil texture, slope and the second-level parameters including albedo, leaf area index (LAI),
green vegetation fraction (GVF) and emission, et al.. The second level of parameters can
be calculated from the first level of parameters. Before 2009, most of the terrestrial datasets
in WRF-NOAH were generally derived from the Advanced Very High Resolution
Radiometer (AVHRR) data, provided by the United States Geological Survey(USGS). For
example, the LU data used in the WRF model are derived from the AVHRR data from
1992-1993 (Wen et al., 2012). The land surface is assigned to 24 different LU categories
according the USGS classification system, whereas, the GVF datasets used in the WRF are
based on multi-year averages of monthly maps derived from the AVHRR satellite data from
1985-1991 (Cao et al., 2015). The LAI and albedo are normally from a look-up table, in
which the maximum and minimum constant values of the two parameters change with the
LU. After the version 3.0 (Wang et al., 2012), WRF technically made great improvements
on the choice of the land surface terrestrial datasets. An option of LU derived from the
MODIS satellite data from January 2001 to December 2001 (Rydsaa et al., 2015) using the
IGBP classification system with 20 categories of land use types was added. Based on the
MODIS land use types, a new look-up table “VEGPARM.TBL” with various second-level
parameters could be used to update the values in the original LANDUSE.TBL. Moreover,
the parameters including Albedo, LAI and GVF can use spatial data derived from MODIS.
Firstly, the actual albedo, LAI and GVF data derived from MODIS products can be
converted to the format that metgrid.exe processed in the WPS (WRF Preprocessing
System). Secondly, setting usemonalb, sst update and rdlai2d in the file of “namelist.input”
as “true”, then WRF can select the monthly spatial datasets of albedo, GVF and LAI from
“wrflowinp”, respectively. However, the default terrestrial datasets in most RCMs (even
WRF) just represent the land surface conditions in a certain period (normally outdated),
which limited WRF’s ability to accurately simulate the weather and climate conditions
dynamically, we can updated the spatial datasets using actual datasets from remote sensing

products.
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Figure 1-3. Work flow of the WRF model

The WRF model has the following four components including the Pre-processing System
(WPS), Weather Research Forecast Vibrational Data Assimilation System (WRF-DA),
Advanced Research WRF (ARW) and WRF Post-Processing (WPP) and visualization tools
(Figure 1-3). The WPS’s function is to transform the large-scale terrestrial and
meteorological data into the format suitable for ingest by the ARW's real data pre-processor
and it includes three applications: geogrid.exe, ungrib.exe, metgrid.exe, respectively. The
geogrid.exe can extract interested region and interpolate large-scale terrestrial data into
certain resolution; the ungrib.exe converts the grib file of raw meteorological data into the
format which is suitable for the application of metgrid.exe; and the function of metgrid.exe
is to combine the terrestrial and meteorological data after processing from geogrid.exe and
ungrib.exe, and make them suitable for the ARW. All the three application runs are on the
basis of parameters in the namelist.wps. The WRF-DA is a dynamic assimilation system

that incorporates observations during the simulation (not used in this study). The core of
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WREF is ARW, which includes the applications of real.exe and wrf.exe. The application of
real.exe is the last standardized procedure that mainly generates the necessary initial
conditions (wrfinput) and boundary files (wrfbdy) for wrf.exe running. The two
applications depend on the parameters in the “namelist.input” file. Before performing a
simulation, we used the WRFDomainWizard to set the WRF Domains and parameter lists
of namelist.wps and namelist.input mentioned above (details can be seen in the chapter 7.
Appendix). The WRFDomainWizard application does not belong to the WRF system and
its function is to automatically generate the required domains and parameters with a visual
interface. The WPP is to post-process and display the ARW simulation output data. In this
study, we only used the NCL programme.

1.3.2. Model configurations

82°FE 84°E 86°E 88°E 90°E

46°N 48°N

44°N

Land Use Types:

42°N

™= Built-Up W [rrigated Cropland [ Snow/Ice
B3 Grass B Bare Ground Tundra
. Water I Sparsely Vegetated Desert

DEM: -152m B R om S

® S*: Observation Stations I~ Qasis border

B Cvergreen Needleleaf Torest

Figure 1-4. (a) simulation domains of WRF-Noah and land surface elevations, meteorological
sites, (b) Land use (LU) types of the study area

In this study, the WRF version 3.6, which was coupled with NOAH, was used in our
simulations. The NTM is functioning as the study area in this thesis because it includes
many of the special characteristics of the MODS (Figure 1-4). Furthermore, the periphery
of the NTM region has experienced intense human activities, such as oasis expansion,
urbanization and desertification in the past 60 years (Lioubimtseva et al., 2005; Yao and
Zhang, 2013). The WRF was configured for a fine-scale simulation with two nested
domains in chapter 2 and 3, and three-nested domains in chapter 4 based on chapter 2 and

3 (D01, D02 and D03 in Figure 1-4). The simulation region (D01) covers the whole NTM,
14
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captures the effects of mountainous background and spans a total area of 890 km x 975 km
with a horizontal spatial resolution of approximately 18 km x 18 km; D02 and D03 is the
interest area in this study, the core area D02 has a total area of 530 km x 465 km with a
horizontal spatial resolution measuring 6 km x 6 km; the innermost domain D03 covers a
total area of approximately 330.78 km x 244.23 km with a horizontal spatial resolution of

about 2 km x 2 km.

Table 1-2. Physical parameterization schemes

Physics Scheme References

Boundary layer Yonsei University (YSU) (Song et al., 2006)
Microphysics WREF Single Moment-3 (WSM3) (Song et al., 2004)
Cumulus clouds Kain-Fritsch Scheme (Bretherton et al., 2004)

Long-wave radiation =~ Community Atmospheric Model (CAM) (Collins et al., 2004)
Short-wave radiation ~ Community Atmospheric Model (CAM) (Collins et al., 2004)

Land surface model Noah (Chen and Dudhia, 2001b)

Table 1-3. Four layer of soil moisture values for oases and desert areas in the NOAH (Wen et al.,
2012)

Land Use Type Noah Soil Layer Soil Moisture (cm3 ¢m—3)

0-10 cm 0.38 (at 5 cm)

1040 cm 0.47 (at 25 cm)
Oasis

40-100 cm 0.33 (at 70 cm)

100-200 cm 0.26 (at 150 cm)

0-10 cm 0.07 (at 5 cm)

10-40 cm 0.10 (at 25 cm)
Desert

40-100 cm 0.05 (at 70 cm)

100200 cm 0.06 (at 150 cm

The ERA-Interim reanalysis data provides the initial and lateral boundary conditions for
simulations at 6-h intervals (detailed can be seen in section 1.3.1). The simulation results
from domain D02 are stored and provide hourly lateral boundary conditions for D03. All
domains ran with 35 unevenly spaced full eta levels with 15 levels below the height of 5
km from the ground surface. The model top was fixed at 50 hPa. The different

parameterizations of the physical atmospheric schemes have been performed previously in
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the study region by Qiu et al. (Qiu et al., 2017). We referenced the best one of WRF
configurations (of physical schemes) shown in Table 1-2. The initial soil moisture and the
soil boundary temperatures are derived from the forcing data; however, the soil moisture
levels of the oases and desert arcas are adjusted using observations (Error! Not a valid

bookmark self-reference.).

1.3.3. Validation

The validation of the models is a very important part in this dissertation. The validation
directly described the response of WRF to the land surface terrestrial datasets in chapter 2,
and clarifies whether the newly developed irrigation scheme improves the WRF
performance in simulating the water-heat conditions of irrigated oasis. We apply the
coefficient of determination R?, Mean Bias Error (MBE) and Root Mean Squared Error
(RMSE) statistics in order to verify the model results on the site scale. All validation work
is done using the software R. In this thesis, we also assess spatial patterns of temperature,
humidity, energy, and circulation and determine the difference in their daytime and night-
time values by averaging daytime simulations from 19:00 to 2:00 UTC and nocturnal
simulations from 08:00 to 14:00 UTC. But the spatial patterns of precipitation in their
daytime and night-time values by averaging or adding daytime simulations from 14:00 to

5:00 UTC and nocturnal simulations 06:00 to 13:00 UTC in the irrigation season

1.4 Datasets

1.4.1. Forcing data

Reanalysis data is the processes of the assimilation of all kinds of data, including the
ground-based surveillance, ship/balloon/radioprobe/aircraft/satellite observations and
other information, to generate a new, long-term and continuous higher spatio-temporal
resolution product. At present, NCEP/NCAR (Kalnay et al., 1996), NCEP/DOE
(Department Of Energy) (Kanamitsu et al., 2002), NCEP/CFSR (Climate Forecast System
Reanalysis), JRA25 (Japanese 25-year ReAnalysis), ERA (European ReAnalyses) and
NASA-MERRA (Modern Era Retrospective-analysis for Research and Applications)
(Chen et al., 2014) constitute the most common international reanalysis datasets. The latest
global atmospheric reanalysis product ERA-Interim (Dee et al., 2011) provides the initial

and lateral boundary conditions for the WRF simulation in this dissertation because it
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matches well with most of the local climate records, especially in the low-lying plain areas
(Hu et al., 2014). These data were produced by the European Centre for Medium-Range
Weather Forecasts. The reanalysis data have a spatial resolution of 0.75 © x 0.75 ° and are
forced over a 6-hour time interval, which are available at http://apps.ecmwf.int/datasets/. The
boundary ranges from the eastern longitude 80° to 92° and the northern latitude 40° to 50°
in this study. We used dates in the period from January 1, 2010 to December 31, 2012. We
employ the fields describing the geo-potential, relative humidity, temperature, the U and V
wind components on the 30 pressure levels and the surface forcing parameters, including
the 10-m U and the 10-m V wind, the 2-m dew point temperature, the 2-m temperature, the
mean sea level pressure, the sea surface temperature, the sea-ice cover, the skin temperature,
the snow density, the snow depth, the soil temperature and the soil water contents in 4

different layers.

1.4.2. Station-based data

Table 1-4. Meteorological stations’ names, locations, elevations and available elements.

ID Longitude/°E Latitude/°N  Altitude/m LU Elements Time
S1 86.20 44.32 473.10 Crop/Urban T2, P, RH, WS, WD 2012
S2  85.82 44.28 469.30 Crop T2,RH, SW, LW, LE 2010, 2012
S3  85.25 44.85 338.10 Crop T2,P,RH, WS, WD 2012
S4  86.10 45.02 347.80 Crop T2,P,RH, WS, WD 2012
S5 87.93 44.29 476 Desert T2, RH 2010, 2012
S6  87.92 44.48 466 Desert T2, RH, 2010, 2012
S7 87.53 44.20 440.50 Crop T2, RH 2010,2012

In-situ observations from seven meteorological stations within domain D02 (Figure 1-4)
are applied to validate the simulation results and these four stations are distributed in oasis
areas with diverse LU types including irrigated crops, urban areas and combinations of the
both (Table 1-4). The T2 represents the 2-m air temperature, the RH stands for the 2-m
relative humidity, LE represents the latent heat flux, WS and WD are the wind speed and
direction at 10 m; SW and LW demonstrate the downward shortwave and longwave
radiation, respectively in the table. The observations from 2012 and 2010 constitute the
hourly and daily data. In addition, observations of the latent heat and downward shortwave
and longwave radiation from an eddy covariance system at station S2 are also utilized. Due

to a damaged radiation sensor, observations of the sensible heat flux are not available.
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1.4.3. Land use (LU) types datasets

Table 1-5. Land use types and codes for the 2012L.U

Firstlevel code Categories Sub-level code  Subcategories
1 Cropland 11 Irrigated crops (rice, lotus and other aquatic crops)
12 Non-irrigated crops (rainfed croplands)
2 Forestland 21 Closed (> 30%) natural and artificial forests
22 Closed (> 40%) shrub
23 Closed (10%~30%) woodland
24 Other woodland (orchards, mulberry)
3 Grassland 31 Closed (>50%) grassland
32 Closed- to-open 20%~50% grassland
33 Open 5%~20% grassland
4 Water and 41 Rivers and canals
Wetland
42 Lakes
43 Reservoir ponds
44 Snow and ice
45 Intertidal
46 Floodplain
5 Settlements 51 Cities and towns
51 Villages
53 Other construction lands
6 Others 61 Sandy land
62 Gobi
63 Saline
64 Marsh
65 Bare
66 Bare rock
67 others

The default LU data (included in the WRF model) stem originally from the USGS, which
classifies LU into 24 categories (Error! Not a valid bookmark self-reference.) (Wen et
al., 2012). A high-resolution LU image was produced for 2012 (2012LU) using visual
interpretations based on Landsat images and a 1:1,000,000 scale topographic map. This
image was generated by the Xinjiang Institute of Ecology and Geography, Chinese
Academy of Sciences (Chen, 2008). The 2012LU has a spatial resolution of 30 m and
adopts a hierarchical classification system with a spatial resolution of 30 m, including 6

categories and 25 subcategories (
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Table 1-5). We converted it into the USGS classification system according to the

corresponding relations shown in the

Table 1-5. We studied the uncertainties on conversion of LU data using different
classification systems in MODS, and found that the uncertainties decreased quickly from
high to low levels of aggregation (Zhang et al, 2017). The actual LU has spatial resolution
of 30 m and more detailed categories, the conversion in fact, is a process of aggregation
from high-level to lower level of both thematic and spatial resolution, thus, the uncertainties

could be ignored.

Table 1-6. Land use types and its codes in the WRF and corresponding relation with the 2012L.U

Land use types WRF 2013LU

Urban and Built-Up Land 1 51

Dryland Cropland and Pasture 2

Irrigated Cropland and Pasture 3 11, 12,52, 21 (if DEM < 1,500)

Mixed Dryland/Irrigated 4

Cropland and Pasture

Cropland/Grassland Mosaic 5

Cropland/Woodland Mosaic 6

Grassland 7 31 (if DEM > 1,000), 32 (if DEM > 1,000), 33 (if DEM
> 1,000)

Shrubland 8 23,22 (if DEM < 1,500)

Mixed Shrubland/Grassland

Savanna 10

Deciduous Broadleaf Forest 11

Deciduous Needleleaf Forest 12

Evergreen Broadleaf Forest 13

Evergreen Needleleaf Forest 14 21 (if DEM > 1,500), 22 (if DEM > 1,500)

Mixed Forest 15

Water Bodies 16 41, 42, 43, 46,

Herbaceous Wetland 17

Wooded Wetland 18

Barren or Sparsely Vegetated 19 61, 62, 63, 65, 67, 66 (if DEM < 3,400), 31 (if DEM <
1,000), 32 (if DEM< 1,000), 33 (if DEM < 1,000)

Herbaceous Tundra 20

Wooded Tundra 21

Mixed Tundra 22

Bare Ground Tundra 23 66 (if DEM > 3,400)

Snow or Ice 24 44

1.4.4. Land surface terrestrial datasets from MODIS

Albedo product
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The MODIS Bidirectional Distribution Reflectance Model (BRDF) 16-Day surface albedo
standard products have been validated through comparisons with in situ measurements
(Cescatti et al., 2012; Stroeve et al., 2013). The high-quality primary algorithm for the
MODIS standard albedo product (MCD43) has also been shown to produce consistent
global quantities over a variety of land surface types and snow-covered conditions (Roman
et al.,, 2013). We used the nadir BRDF-adjusted reflectance MCD43A4 (MODIS
Terrat+Aqua Nadir BRDF-Adjusted Reflectance 16-Day L3 Global 500-m SIN Grid V005),
which is computed for each MODIS spectral band (1-7) at the mean solar zenith angle.
MCD43A4 images were downloaded from https://modis.gsfc.nasa.gov/data with strip
numbers of h23v04 and h24v04 for every month in 2010 and 2012. We reprocessed them

using the same coordinate systems and resolutions via numerical simulations.
LAI product (MYD15A2)

The MODIS global LAI product has been validated to the Committee on Earth Observation
Satellites Stage 2 (Yan et al., 2016a; Yan et al., 2016b), and determined to have a strong
continuity and consistency for all biome types. On global and regional scales, earth
observation-based estimates of LAI serve as valuable inputs for climate and hydrologic
modelling (Fensholt et al., 2004). In this study, the level-4 MODIS global LAIMYD15A2
(MODIS/Terrat+Aqua LAI/FPAR 8-Day L3 Global 1-km SIN Grid V005) was utilized.

GVF data from the MODIS Vegetation Indices (MOD13A2)

Validation to stage 3 has currently been achieved for the MODIS vegetation indices
(MOD13) and analyses produced by various airborne and field validation campaigns
demonstrate that over most biomes, the MODIS near-nadir satellite vegetation indices
shows a strong agreement with the top-of-canopy nadir vegetation indices and the land
surface biophysical properties (Sesnie et al., 2012; Sims et al., 2011). Using this qualified
MODIS NDVI (Normalized Difference Vegetation Index), the GVF can be calculated as
(Yin et al., 2016; Miller et al., 2006; Seungbum et al., 2009),

NDVI-NDVI
GVF=——=
NDVIy—NDVIg

(1

where NDVI denotes the NDVI value for each pixel from the MODIS NDVI, NDVIs is the
NDVI value for a sparsely vegetated or barren vegetation area, and NDVIy represents the

NDVI value corresponding to a full vegetation cover type. Both NDVIy and NDVIs are
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constant, allowing the pixel-level GVF to reach theoretical values of 0.0 to 1.0 for any LU.
In reference to the previous paper (Zeng et al., 2000; Gutman and Ignatov, 1998; Jiang et
al., 2010; Li and Zhang, 2016), NDVIs and NDVIy were empirically determined to be 0.05
and 0.87, respectively. These two parameters serve as global bounds to ensure that the
derived GVFs vary from 0.0 to 1.0 (i.e. GVF = 1.0 when NDVI > 0.87 and GVF = 0.0 when
NDVI<0.05 in Eq. (1)). The MOD13A2 (Didan, 2015) Version 6 product (MODIS/Terra
VI 16-Day L3 Global 1-km Grid SIN V006) was dealt with in this dissertation.

1.5 Rationale and synopsis

1.5.1. Research objectives and questions

The climate of the NTM changes obviously from the warm-dry to the warm-wet trend with
the year 1987 as a turning point, while the change range of other arid regions in CA is less
intense and develops toward a warm-dry trend. At the same time, the NTM experienced
intense human activities in the past 60 years and irrigated oasis increased with 4 times more
than its original size. Based on the literature review and background in section 1.1, the cold-
wet island effects of oasis were assumed and the interaction between oasis and desert is
believed to play an important role in maintaining the existence of oases over time. Thus,
the abnormal regional or local climate change in NTM may be likely to respond to the rapid
oases expansion and intensive irrigation in the MODS. In the context of the LUCC's impact
on the climate, this dissertation studied the local climate of a typical MODS in the CA (a
microcosm of the terrain and climate of CA) and the effect of irrigated oasis on the climate
in the NTM using WRF model. In order to answer the research questions above, the
research workflow in Figure 1-5 followed. Firstly, related data were collected and used to
construct an comprehensive database. They include meteorological observation, LUCC,
biophysical and terrestrial parameters from satellite products over the study area (including
surface albedo, LAI and GVF, land surface temperature and NDVI) and forcing datasets.
Secondly, the regional climate model WRF was localized with updating outdated terrestrial
datasets by actual satellite products and with adding a drip irrigation process in the
simulation. Thirdly, the localized models are applied for simulating and exploring effects
of mountain, oasis, and desert on water-heat patterns of the whole MODS, and the mutual
interaction of each subsystems among MODS. All of the works aim to explore the

relationship between irrigated oasis and regional climate change in complex MODS. The
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answer will provide useful information for further investigation of the impacts of LUCC
on climate changes under global climate change in CA. Moreover, it can deliver the
scientific support to the oasis water resources management and it is essential to the
sustainable development and ecological stability of oases. Four detailed key scientific

issues were answered.
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Question 1: What are the responses of the WRF performance to various actual terrestrial

parameters derived from satellite products ?

On this small-scale climate research, WRF’s performance in simulating the water-heat
condition of complex MODS are the key issue. The default terrestrial datasets in the WREF,
even most RCMs in the world, are generally derived from the AVHRR data in the 1990s
and only represent one certain period of land surface conditions. The insufficiency of
outdated terrestrial datasets and the inability to implement a dynamic change of terrestrial
datasets makes the ability of WRF to accurately simulate the weather and climate
conditions limited. Using actual terrestrial datasets from satellite products to update the
outdated terrestrial datasets in the WRF is the only possible solution to the insufficiency
and the MODIS products provide partly actual datasets (albedo, LAI and GVF) after 2000,
(Cao et al., 2015; Deng et al., 2015; Yin et al., 2016; Wen et al., 2012; Xu et al., 2015;
Meng et al., 2009). However, these terrestrial datasets from satellite products were scarce
before 2000 and field measurements are temporally and spatially limited, especially in
complex MODS. These limitation makes updating default datasets in the WRF using real-
time, even monthly, actual various satellite terrestrial datasets very time- and labour-
consuming. Whether simulations using WRF with updating several key observed datasets
are meeting expected results in various applications whilst reducing the time and labour
cost, especially for land surface modeling or climate modeling, and also partly overcome
the limitation of scarce observations and satellite products in such a complex region ? This
is a very meaningful work in the arid CA, which is characterized by typical MODS and is

known for climatic change.

Question 2: How does the WRF coupled with a newly developed drip irrigation process

perform in simulating the water-heat conditions of irrigated oasis?

Since the 1950s, drip irrigation under plastic film, as an effective farmland management
method, has been used so as to conserve the limited water resources in the NTM (Fan et al.,
2013), and oases cannot survive without irrigation in the NTM in arid area. However, there
were no irrigation schemes implemented in the accompanying NOAH in the official
releases of WRF (Chen and Dudhia, 2001b; Chen and Dudhia, 2001a), also in most of the
other RCMs. Most model improvement methods for irrigation from literature reviews

include initialized irrigated crops with a high soil moisture without additional water (Jiang
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etal.,2014; Quetal., 2013; Cao etal.,2015; Deng et al., 2015; Kueppers and Snyder, 2012)
or regarding irrigation as precipitation (Ozdogan et al., 2007) or letting soil moisture
continuous saturation (Pei et al., 2016; Evans and Zaitchik, 2008; Zaitchik et al., 2005;
Meng et al., 2009; Zeng et al., 2017; Branch et al., 2014). These descriptions for irrigation
are not suitable for the current oasis management in arid area. We examine whether
simulations using WRF with a new developed drip irrigation realistically simulate the heat-
water conditions of such drip-irrigated oases in the NTM, which is the premise to study

historic contribution of irrigation and the oasis evolution on regional climate change.
Question 3: What are the effects of drip irrigation on atmosphere structure of MODS?

Water is a particularly scarce and valuable good for both human livelihoods and ecosystems
in the NTM (Gessner et al., 2013) because the water resources only come from the
mountains (Sorg et al., 2012), whose rivers are all fed by important hydrologic processes
of snow and glacial melting, and precipitation from the mountain ranges (Immerzeel et al.,
2010), flow into artificial lakes, disappear in the desert area’s basin (Luo et al., 2010).
Based on literature reviews regarding the climate effects of irrigation, it shows that
irrigation could be an important component of climate change. Irrigation results in an
increase of the latent heat flux and a decrease in the sensible heat flux, thereby leading to a
decrease in temperature (Kueppers and Snyder, 2012; Jiang et al., 2014). However, how
does the typical drip irrigation influence the water-heat patterns and atmospheric structure
in complex MODS? The answer to this question is still unclear and very significant for a
regional sustainable development under the limited water and soil conditions in the arid

NTM.

Question 4: What are the impacts of large mountains on irrigated oasis-desert interaction

in a typical mountain-oasis-desert ecosystem?

Oasis effects are thought to play an important role in maintaining the existence of oases
over time. Most oases researches believe that the cold-wet island effects of oases and the
OBC between the oases and the desert maintain the oases’ ecological stability by reducing
heat and moisture exchanges between oases and the surrounding desert areas, called the
“self-supporting mechanism of the oasis”. However, oasis cannot survive without water
supply from the nearby large mountains in a MOD and land surface-atmosphere
interactions are complex and depend on many factors. The background of the circulation is
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a complex system (Song et al., 2004). Therefore, studies should explore the oasis effects
(i.e. the oasis-desert interactions) under impacts of these surrounding mountains rather than
focusing only on the oasis and desert areas (Chu et al., 2005; Gao et al., 2004; Han et al.,
2010; Liu et al., 2007; Lv et al., 2005; Meng et al., 2015; Meng et al., 2012; Meng et al.,
2009; Nnamchi, 2011; Wen et al., 2012). Failing to consider the impact of the mountains
may result in an incorrect or incomplete understanding of the oasis-desert interactions
within MODS. For example, what are the spatial patterns of water and heat throughout the
MODS? Do intense mountain-valley winds occur within the current MODSs (Zardi and
Whiteman, 2013; Helgason and Pomeroy, 2012) ? Finally, how does the mountain-valley
wind, if present, influence the oasis effects and OBC ? The answers to these questions are

unclear and deserve additional and comprehensive investigation.

Question 1 aims at the model performance in the simulation of climate elements in MODS
using actual terrestrial datasets. Question 2 focuses on examining whether the WRF
performance coupled with a newly developed drip irrigation scheme realistically represents
the water-heat conditions of irrigated oasis in the NTM. And at the same time, we analyzed
the climate effects of irrigation on the atmospheric structure and the conditions of the
relatively closed MODS in Question 3. According to the understanding of the first three
questions, Question 4 analyzes the water-heat of MODS comprehensively, distinguishes
the contribution of oases and mountains to these conditions, and explores the interaction

mechanism between the mountains, oasis and desert.

1.5.2. Dissertation outline

The research questions stated above are addressed in the following chapters of this
dissertation. All the chapters are connected by logical relationship diagrammed in a
framework (Figure 1-6). The chapter design corresponds to the research questions, and all
of chapters contribute so as to clarify the primary objective. The localization of the WRF
in Chapter 2 and 3 constitute the foundation for the following questions addressed in
Chapter 4. Chapters 2 through 4 correspond to papers, which are published or prepared for

publication in international peer-reviewed journals.

26



Chapter 1

Ch1: Introduction

Ch2: The responses of WRF to various 1+—h3: The impacts of drip irrigation on
actual terrestrial datasets (RQ1) the regional climate (RQZ2 and RQ3)

|

Ch4: The water-heat patterns and oasis effects in typical mountain-oasis-desert
system (RQ4)

Ch5: General discussion

Ch6: General conclusion

Figure 1-6. Outline of the dissertation

Chapter 2. The response of WRF to various actual terrestrial datasets.

This chapter, which contents were published in Remote Sensing (Zhang et al., 2017a),
describes the impact of using the actual LU, albedo, LAI and GVF data from satellite
products in WRF on the model performance. Firstly, we compared the differences between
the actual terrestrial datasets from the satellite images and the default datasets in the WRF.
Secondly, five simulations were conducted by updating LU, albedo, LAI and VF gradually
with the same meteorological forcing data and model schemes: def (using the default LU,
albedo, LAI and VF data), LU (using the actual LU data only), Alb (using the actual LU
and albedo data only), LAI (using the actual LU, albedo, and LAI), and VF (using all of
the actual LU, albedo, LAI, and GVF together). Finally, we analyzed the spatial pattern’s
differences of T2, RH, LE and WS of MODS from five simulations and quantify which

actual terrestrial datasets the WRF was most sensitive to.

Chapter 3. The impacts of drip irrigation on the atmospheric structure and the local

climate.

Chapter 3 (Zhang et al., 2017, submitted) explores the impacts of drip irrigation on energy
balances, temperature, precipitation and atmospheric structure in MODS, using WRF with

a new irrigation process. Firstly, we developed a new drip irrigation scheme in line with
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the current irrigation scenarios in arid MODS. Then, we conducted two simulations with
and without a drip irrigation scheme with updating LU and GVF in the WRF based on the
configuration in the Chapter 2. By validation on a site level, we examine whether the newly
developed irrigation scheme is improving the performance of the WRF in the simulation of
the water-heat conditions of irrigated oasis. Finally, the spatial and temporal distinctions of

the two simulations show the climate effects of irrigation in MODS.

Chapter 4. The water-heat patterns and oasis effects in typical mountain-oasis-desert

system

Chapter 4, which was published in the atmosphere (Zhang et al., 2017b), investigated the
temperature, humidity and regional circulation patterns of the complete MODS in the NTM
and the oasis effects within the MODS using the WREF. Firstly, three numerical simulations
were performed with the same configuration as in chapter 3 but only in July, 2012. The
mod simulation applies actual LU and GVF from satellite products and coupled a new
irrigation scheme. The non-oasis simulation is a scenario simulation in which oasis areas
are replaced by desert conditions, while all other conditions are the same as in the mod
simulation. Finally, the non-mountain simulation is a scenario simulation in which the
elevation values of all grids are set to a constant value of 300 m, while all other conditions
are the same as in the mod simulation. The differences between the mod simulation and the
non-oasis simulation and the differences between the mod simulation and the non-mountain
simulation were used to quantitatively investigate the effects of oases and mountains,

respectively, on the temperature, humidity and circulation features within complete MODS.

Chapter 5 and Chapter 6 summarize and discuss the results of the previous chapters and
also present several important points for future research. A general discussion on the initial
research questions and their results is given in Chapter 5. Chapter 6 summarizes the main

conclusions of this dissertation.

1.5.3.  Out of scope

Not all aspects of this topic can be included in a given research study and this gap always
drives future investigations. Although we added an irrigation scheme to the WRF, the
effects of plastic mulching are still not considered in the simulation. Moreover, we only

examine the impacts of LU, albedo, LAI and GVF on the WRF performance. Other
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parameters such as emission, rough length of the land surface et al. might have a great
impact in this region. We only performed a short-term simulation in our study, a long-term
simulation (more than 35 years) will be performed to quantitatively explain the climate

effects of the historical oases’ expansion on the regional climate.

In addition, more energy observation data with a different underlying surface in MODS
would definitely be better so as to validate the simulation work of WREF. For example,
there are no observations available on the sensible heat flux of the irrigated oasis, not to
mention observational data on the energy balance in the desert. The limited observations
for energy reduce our grasp of the physical reality, which potentially adds uncertainty to

the WRF modeling.
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CHAPTER

THE RESPONSES OF WRF TO
VARIOUS ACTUAL TERRESTRIAL

DATASETS

Modified from: Miao Zhang, Geping Luo, Philippe De Maeyer, Peng Cai, 2017. Improved
Atmospheric Modelling of the Oasis-Desert System in Central Asia Using WRF with
Actual Satellite Products. Remote Sensing, 2017. 9(12): 1273; d0i:10.3390/rs9121273.
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ABSTRACT

Because of the use of outdated terrestrial datasets, regional climate models (RCMs) have a
limited ability to accurately simulate weather and climate conditions over heterogeneous
oasis-desert systems, especially near large mountains. Using actual terrestrial datasets from
satellite products for RCMs is the only possible solution to the limitation; however, it is
impractical for long-period simulations due to the limited satellite products available before
2000 and the extremely time- and labor-consuming processes involved. In this study, we
used the Weather Research and Forecasting (WRF) model with observed estimates of land
use (LU), albedo, Leaf Area Index (LAI), and Green Vegetation Fraction (GVF) datasets
from satellite products to examine which terrestrial datasets have a great impact on
simulating water and heat conditions over heterogeneous oasis-desert systems in the
northern Tianshan Mountains. Five simulations were conducted for 1-31 July in both 2010
and 2012. The decrease in the root mean squared error and increase in the coefficient of
determination for the 2 m temperature (T2), humidity (RH), latent heat flux (LE), and wind
speed (WS) suggest that these datasets improve the performance of WRF in both years; in
particular, oasis effects are more realistically simulated. Using actual satellite-derived
fractional vegetation coverage data has a much greater effect on the simulation of T2, RH,
and LE than the other parameters, resulting in mean error correction values of 62%, 87%,
and 92%, respectively. LU data is the primary parameter because it strongly influences
other secondary land surface parameters, such as LAI and albedo. We conclude that actual

LU and VF data should be used in the WRF for both weather and climate simulations.

Key words: MODIS; Weather Research and Forecasting model; oasis-desert system; oasis

effects; Northern Tianshan Mountains; Central Asia

2.1 Introduction

The arid region of Central Asia (CA), which includes Kazakhstan, Kyrgyzstan, Tajikistan,
Turkmenistan, Uzbekistan, and the Xinjiang Province of China (Hu et al., 2014; Li et al.,
2015), is located deep inside the continent and has unique geomorphological characteristics,
including mountain—basin systems. In this area, elevations can increase dramatically, from
a few hundred meters above sea level in the basin areas to over 5000 m above sea level in

the mountainous areas, over a horizontal distance of less than 200 km; thus, there is high
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heterogeneity in land cover types (Zhang et al., 2004). Water is scarce and is valuable for
both human livelihoods and ecosystems in CA (Gessner et al., 2013); water resources are
largely derived from the mountainous areas, whose rivers are fed by hydrologic processes
of snow and glacial melt and precipitation (Immerzeel et al., 2010). These rivers flow into
artificial lakes and then disappear into the desert areas in the basin (Luo et al., 2010). Given
the limited amount of runoff (Bothe et al., 2012) and unrestricted groundwater exploitation
in the area (Deng, 2009), oases form at the foothills of large mountains (Souza et al., 2006;
Smith et al., 2007; Soltan, 1999; Li et al., 2007; Luo et al., 2010). The geographical and
ecological characteristics differ significantly between these oases and the surrounding
deserts, causing significant differences in energy budgets, the exchange rate of momentum,
and water vapor levels. These differences produce typical oasis effects (Liu et al., 2007)
such as the “cold—wet” island effects of oases (an oasis is a wet, cold island capped by
warm—dry air), and the thermal differences between oases and the surrounding deserts
result in oasis breeze circulation (OBC). Such oasis effects increase in complexity both in
and near mountain ranges. Although oases account for only a small proportion of the land
surface (e.g., a proportion of 4-5% in Xinjiang, a typical region of the hinterland of the
CA), more than 90% of the population and 95% of the socioeconomic wealth are
concentrated there (Meng et al., 2009). Therefore, CA, because of its large elevation
differences and the importance of oases, can be divided into mountainous region, oases,

and desert areas, often named the Mountain—Oasis—Desert ecoSystem (MODS).

The northern Tianshan Mountains (NTM), the core section of the Silk Road, is a typical
geomorphological part of CA; it is also sensitive to climate change (Sorg et al., 2012).
Recent studies have indicated that annual mean air temperature in the NTM has been
increasing at an average rate of 0.8 °C decade ' (He et al., 2003), which is greater than the
average rate in CA (0.39 °C decade ! from 1979 to 2011) and the global land surface (0.27—
0.31 °C decade™! from 1979 to 2005) (Hu et al., 2014). Precipitation and the frequency of
extreme precipitation show a rate of 11.3% in the NTM (He et al., 2003) amid a longer-
term drying trend (Xuand Wei, 2004; Lianmei, 2003). Other areas in CA generally show a
slight decrease in average annual precipitation (Lioubimtsevaand Henebry, 2009; Gessner
et al,, 2013). Additionally, the region has been experiencing distinct intense oases
expansion since the 1950s (Hong et al., 2003; Zhang et al., 2017b; Jia et al., 2004). Oases
have expanded more than 400% in the past 60 years (from 121.0 x10* ha in 1949 to 512.5
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x10* ha in 2010). A series of ecological problems have appeared as a result, including soil
salinization, oasis degradation, and desertification (Sun et al., 2011; Wang et al., 2008;
Lioubimtseva et al., 2005; Yao and Zhang, 2013). Horton (Zhou et al., 2015; Horton et al.,
2015; Qu et al., 2013) found that regional climate change was largely independent or
potentially related to land cover change processes. The abnormal regional temperature and
precipitation changes in the NTM may be due to the rapid oases expansion. Therefore,
understanding the mechanisms of oasis effects and quantitatively investigating the climate
effects of oases expansion on the regional climate are important for ensuring the sustainable
development and ecological stability of oases, and will also provide useful information for

regional climate change assessments (Yan et al., 2014).

Numerical simulation using regional climate models (RCMs) is the most effective method
to explore both oasis effects and climatic effects of the oases expansion in the complex
mountain—basin systems of CA because RCMs can account for climatic mechanisms not
included in field measurements (Yu et al., 2006; Li et al., 2013) and Global Circulation
Models (GCMs) (Seungbum et al., 2009; Seneviratne et al., 2006). GCMs are unable to
adequately resolve many important meso-microscale processes, like wind patterns and
precipitation due to orographic effects based on large-scale convective parameterization
schemes, and simpler land surface processes (Kysely et al., 2016). The Weather Research
and Forecasting model (WRF) is an RCM that has been widely used to simulate regional
climatic patterns, particularly over the past 10 years (Branch et al., 2014; Cao et al., 2015).
Because the default terrestrial datasets in RCMs are generally derived from Advanced Very
High Resolution Radiometer (AVHRR) data from 1992-1993, the ability of RCMs to
accurately simulate weather and climate conditions is limited by the use of these outdated
terrestrial datasets (Lenderink et al., 2007; Vidale et al., 2007). Integrating actual terrestrial
datasets from satellite products or observation in the model simulations is a novel way to
overcome these limitations. Many numerical simulations have used MODerate resolution
Imaging Spectro radiometer (MODIS) products, including land use (LU), albedo, leaf area
index (LAI), and green vegetation fraction (VF), to improve the boundary layer
meteorology simulation and to explore the climatic effects of land use cover change (LUCC)
(Cao et al., 2015; Deng et al., 2015; Yin et al., 2016; Wen et al., 2012; Xu et al., 2015;
Meng et al., 2009). The results from the simulations using actual albedo, LAI, and VF

indicated that LUCC led to local cooling of 1 °C in the summer and local warming
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exceeding 0.8 °C in the winter. By contrast, simulations using default terrestrial datasets
showed random changes in temperature. However, these actual datasets mainly came
online in the early 2000s; most numerical simulations, especially long-period simulations
(many years, even hundreds of years) (Deng et al., 2015) and downscaled GCM runs, have
to be performed using (Qiu et al., 2017) default terrestrial datasets provided by RCMs. This
choice is motivated by the fact that terrestrial datasets from satellite products are scarce and
field measurements are temporally and spatially limited, especially in complex terrain. In
addition, simulations using real-time, even monthly, actual various satellite terrestrial
datasets in RCMs are very time- and labor-consuming processes. The question remains as
to whether simulations using RCMs that update several key observed datasets can meet
expected results in various applications, especially for land surface modelling or climate
modelling, while reducing the time and labor cost, and also partly overcome the limitation

of scarce observations and satellite products in such a complex region.

Therefore, this study aims both to quantitatively examine which actual terrestrial datasets
(including LU, albedo, LAIL, and GVF) have a great impact on WRF performance, and to
improve the simulation of weather and climate conditions over complex and heterogeneous
oasis—desert systems near to large mountains. Our specific research objectives are as
follows: (1) to compare the differences between the actual LU, albedo, LAIL, and GVF
datasets and the corresponding default terrestrial datasets over MODS; (2) to quantitatively
examine the impacts of using each actual terrestrial dataset on WRF performance and to
determine which is key for the WRF simulations with a complex underlying surface; and
(3) to comprehensively assess oasis effects including temperature, humidity, energy flux,

and circulation patterns.

35



The response of the WRF to various actual terrestrial datasets

2.2 Study area
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Figure 2-1. Location of the northern Tianshan Mountains (NTM) in Central Asia, including land
surface elevations, meteorological sites, and simulation domain over the NTM (the blue dashed

line is the analysis range)

The information of NTM has been introduced in the section 1.2 and We only used the outer
two domain simulation in this chapter (Figure 2-1). Detailed domain information can be

seen in section 1.3.2.

2.3 Data
2.3.1. Forcing data and in situ measurements

The detailed elements and information of ERA-Interim can be seen in section 1.4.1.

We selected observation from meteorological stations of S1-S6 to validate simulation
results (Table 1-4). The qualified T2, RH at 2 m, WS, WD at 10 m and precipitation in July

at hourly scale in 2012 and at daily scale in 2010 were retrieved. Regretfully, there is no
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surface energy observations are available for desert area, we only validated temperature

and relative humidity over desert area.

2.3.2.  Land use data

The detailed information of actual LU (Table 1-5)
and corresponding converting relations (The default LU data (included in the WRF model)
stem originally from the USGS, which classifies LU into 24 categories (Wen et al., 2012).

A high-resolution LU image was produced for 2012 (2012LU) using visual interpretations

based on Landsat images and a 1:1,000,000 scale topographic map.This image was generated
by the Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences
(Chen, 2008). The 2012LU has a spatial resolution of 30 m and adopts a hierarchical

classification system with a spatial resolution of 30 m, including 6 categories and 25

subcategories (Table 1-5).

We converted it into the USGS classification system according to the
corresponding relations shown in the Table 1-5.

We studied the uncertainties on conversion of LU data using different

classification systems in MODS, and found that the uncertainties decreased quickly from
high to low levels of aggregation (Zhang et al, 2017). The actual LU has spatial resolution
of 30 m and more detailed categories, the conversion in fact, is a process of aggregation
from high-level to lower level of both thematic and spatial resolution, thus, the uncertainties

could be ignored.
Table 1-6) can been seen in section 1.4.3.

2.3.3.  Albedo product (MCD43A4)

The MODIS albedo product has been introduced in section 1.4.4, we only used two scenes

for July 3, 2012, respectively, in this chapter.

2.3.4. LAIproduct  MYD15A2)

The MODIS LAI product has been introduced in section 1.4.4, we only used two scenes

for July 3, 2012, respectively, in this chapter.
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2.3.5.  GVF data from the MODIS Vegetation Indices (MOD13A2)

The MODIS NDVI product has been introduced in section 1.4.4, we only used two scenes

for July 3, 2012, respectively, in this chapter.

2.4 Methodology

2.4.1  Model configuration

The detailed WRF configuration has been introduced in section 1.3.2.

2.4.2  Experimental design

We designed five sets of numerical experiments to investigate using the impact of each of
actual LU, albedo, LAI, and GVF on model results for 2010 and 2012. The experiments
were as follows: the def simulation used default LU, albedo, LAI, and GVF provided by
the WREF itself; the LU simulation using only actual 2012LU (Chen, 2008); the Alb
simulation used actual LU and albedo datasets; the LAI simulation used actual LU, albedo,
and LAI datasets; and the VF simulation used all of actual LU, albedo, LAI, and GVF data.
The model simulation was initialized from 00:00 UTC on 1 July to 18:00 UTC on 31 July
in each year. During this period, the interaction of water and energy between oases and
deserts are often the strongest, and oasis crops are at their growth peak. The simulation
results were stored hourly with a 60 s time step for integration. Generally, in the absence
of accurate, gridded initial soil moisture conditions, a spin-up period is needed to allow the
soil moisture within Noah to approach equilibrium within the hydrological cycle (Branch
etal., 2014). The optimal spin-up period for any particular application is uncertain and may
require years to reach equilibrium (Lim et al., 2012). In this study, the soil moisture values
of oasis and desert areas were initialized via interpolation from observed soil moisture data
from similar oasis and desert regions referenced in a previous paper (Wen et al., 2012)
(Table 2). In addition, following previous simulations that were similar for mesoscale water,
surface energy, and circulation (Chu et al., 2005; Meng et al., 2012; Meng et al., 2009), the
simulation results for the first 21 days were discarded as spin-up, and only simulations for
19:00 UTC on 22 July to 18:00 UTC on 31 July were used for the analysis. According to
observation and simulations, 22—-31 July were with anticyclonic and clear-sky conditions

(Figure S1); thus, the effects of cloud distribution on results were excluded.

38



Chapter 2

2.5 Results

2.5.1. Differences between the actual terrestrial datasets and the defaults

We first examined the differences between the actual LU, albedo, LAI, and GVF data and
the corresponding default datasets one by one. Both the defaults and the actual satellite
images showed generally correct land surface information for MODS. However, there were
significant differences, especially in oasis and desert areas, that were strongly impacted by

human activities.

Large areas of cropland and barren desert in oases and north-eastern desert areas are
apparent in the actual LU data (Figure 2-2a), while the default data show grassland and
shrubland in these oases and desert areas. The default LU data in WRF is based on AVHRR
satellite data for 1992-1993 (Wen et al., 2012), which represents the original oasis and
desert land cover. There has been a large expansion in urban areas and irrigated cropland
in the NTM at the expense of sparse shrubland during the last 20 years (Fan et al., 2013).
In addition, the default LU data shows a large area of forest in the Ili River basin and did
not indicate that ice was found on the mountaintops. These areas are misclassified, because
dense grassland and cultivated lands have accounted for the largest areal proportion in this
river basin over the past 40 years (Zhu et al., 2010), and glaciers are common at the
mountaintops in CA. The spatial consistency was only 38.42% between the actual and

default LU data using a rough pixel-by-pixel comparison (Figure 2-21) (Zhang et al., 2017a).
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Figure 2-2. Comparison between actual LU (a), albedo (b), leaf area index (LAI) (c), and green

vegetation fraction (GVF) data (d) and the corresponding default data (e-h), with differences

shown in (i-1). The red line indicates the border of the key oasis areas, and the black rectangle

indicates the region strongly influenced by human activities in oases and desert areas over the

past 20 years.

The default albedo, LAIL and GVF datasets are based on inter-annual averages of monthly

climatology for 1986—-1991 (Kumar et al., 2014). Figures 2-2b, f, j respectively show the

spatial distributions of the actual and default albedo data and the difference between the

two. The actual albedo level is overall higher than the default data, ranging from 0.05-0.25

40



Chapter 2

(Figure 2-2j); the difference between the two datasets mainly occurs in the oasis areas and
the northern desert areas (Figure 2-2b, black rectangle). There is also a slight difference in
the values of approximately 0.10 occurring at mountaintops. It is difficult to explain why
albedo would be greater in the actual image than in the default dataset; we would expect
albedo to decrease with an increase in crop cover. Albedo is influenced by multiple factors,
including LU, GVF, dynamic roughness lengths, solar elevation angle, soil color, and
humidity (Zhang et al., 2015). The difference in albedo in the oasis area could be related to
the severe salinization caused by irrigation (Litan et al., 2011; Zhang et al., 2013) as well
as the expansion of plastic-mulched areas (Liuand Tian, 2005) over the past 20 years. The
greater albedo in the northern desert area (black rectangle) in Figure 2-2j can be attributed
to the degradation of the desert flora following drawdown of groundwater levels in the
oasis—desert transition zone (Sun et al., 2011; Wang et al., 2008), which implies that land
reclamation and groundwater extraction have led to serious ecological problems in CA
oases. In addition, the albedo over crops in the actual image is higher than over the
surrounding northern desert area (black rectangle in Figure 2-2b), but this is not the case
for the default data. This indirectly confirms our speculation that oasis salinization and
larger areas with plastic mulching could increase the actual albedo levels. The possible
reason for slight differences at the mountaintops between the actual and default albedo is
that the surface reflectance estimation from different satellite images has large uncertainties
over rugged terrain (Wen et al., 2014; Wen et al., 2017; Wen et al., 2015; Wen et al., 2012;
Wen et al., 2009b; Wen et al., 2009a). The spatial distributions of the actual versus default
LAI and GVF data, as well as the differences between them, are shown in Figures 2-
2¢c,d,g,h k.1, respectively. The differences between actual LAI and GVF data and the
corresponding default data range from O to 3 and from 0 to 85%, respectively. Major
differences are evident across the basin, especially near the Ili River basin and the northern
oasis border (black rectangle in Figures 2-2k,l), consistent with the expanded oasis region.
There are few differences in the desert and mountainous areas between the actual and
default LAI data. In contrast, there are noticeable differences between the actual and default
GVF data in the desert area, indicating that the default data do not realistically represent
GVF conditions in this region. Field verification shows that there are sparse desert plants

(e.g., Haloxylon and Tamarix ramosissima) with a coverage of approximately 20%. The
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differences between the actual and default terrestrial datasets confirm that the default

datasets are outdated and are less representative of land surface information.

2.5.2. Impacts of the actual terrestrial datasets on the surface energy fluxes

Figure 2-3 shows the WRF performance in simulating LE from five simulations over
cropland at S2 in 2010 and 2012. The daily average LE from five simulations correctly
reproduces the overall shape of the observations (Figures 2-3a,c), and a strong linear
relationship is obtained from all of simulations with coefficients of determination (R2)
larger than 0.73 (p < 0.05) (Figures 2-3b,d). The difference between the five simulations
and observations mainly occurs during daytime from 17:00 to 6:00 UTC. The observed
daily average maximum value in LE is 244.67 W/m? in 2010, while the peak values of LE
from the def, LU, Alb, LAI and VF simulations are 158.78 W/m?, 161.81 W/m?, 150.63
W/m?, 176.70 W/m?, and 355.06 W/m?, respectively (Figure 2-3a). In 2012, the daily
average maximum value of LE from observation and the def, LU, Alb, LAI and VF
simulations are 371.50 W/m?, 192.50 W/m?, 191.51 W/m?, 182.74 W/m?, 211.46 W/m?,
and 427.27 W/m?, respectively (Figure 2-3c). The VF simulation slightly overestimates LE
and the other four simulations underestimate LE during the daytime in both of the two years.
However, the RMSE value of the simulations decreases and R? increases in the following
order: def, LU, Alb, LAIL and VF simulations. The R? increased from 0.73 to 0.74 in 2010
(Figure 2-3b) and from 0.92 to 0.94 in 2012 (Figure 2-3d). The RMSE reduced from 75.81
to 69.05 W/m? in 2010 (Figure 2-3b) and from 87.64 to 53.52 W/m?in 2012 (Figure 2-3d).
These results indicate that the performance of WRF is improved in simulating the surface
energy budget by the inclusion of actual LU, albedo, LAI, and VF data in the model. The
VF simulation in particular shows considerable improvements in both years; the daily
maximum LE value has a much closer resemblance to observations after approximately
1:00 UTC. The VF simulation may have overestimated LE because plastic mulching
resulted in lower evaporation (Wang et al., 2003; Li et al., 2004). This process is not
considered in the simulations (Wen et al., 2012; Meng et al., 2009).
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Figure 2-3. Comparisons between observations and five simulations of hourly averaged latent
heat flux (LE), and corresponding scatter diagram at S2 site in (a, b) 2010 and (c, d) 2012. The
five simulations are def (using default LU, albedo, LAl and GVF), LU (using actual LU
only),Alb (using actual LU and albedo datasets only), LAI (using actual LU, albedo and LAI

three datasets), and VF (using all of four actual LU, albedo, LAl and GVF datasets)

43



The response of the WRF to various actual terrestrial datasets

| (@

46°N

45°N

|

44°N

46°N
1

45°N

44°N

45°N  46°N

44°N

45°N  46°N

44°N

45°N  46°N

44°N

T
84°E  85°E  86°E  87°E  88°E 84°E  85°E  86°E  87°E  88°E

—— ] H(w/mA2)
200 -100 0 100 200 300 400

Figure 2-4. Daytime spatial patterns of sensible heat flux (H) from the simulations of (a) def, (b)
LU, (c) Alb, (d) LAI and (e) VF, and their differences (f) b-a, (g) ¢c-b, (h) d-c and (i) e-d (these
differences pixels are statistically significant at p < 0.05). The five simulations are def (using

default LU, albedo, LAl and GVF), LU (using actual LU only), Alb (using actual LU and albedo

datasets only), LAI (using actual LU, albedo and LAI three datasets), and VF (using all of four
actual LU, albedo, LAl and GVF datasets). The red line represents the border of the key oasis

area.
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Figure 2-5. Daytime spatial patterns of latent heat flux (LE) from the simulations of (a) def, (b)
LU, (c) Alb, (d) LAI and (e) VF, and their differences (f) b-a, (g) ¢c-b, (h) d-c and (i) e-d (these
differences pixels are statistically significant at p < 0.05). The def is a simulation with default

LU, albedo, LAl and GVF provided by WRF itself, LU is a simulation with only actual LU, Alb

is a simulation with only actual LU and albedo, LAl is a simulation with actual LU, albedo and

LAI, and GVF is a simulation with actual all of four terrestrial datasets. The red line represents

the border of the key oasis area.
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Using the actual LU, albedo, LAI, and GVF datasets during the night-time results in similar
spatial patterns of average sensible heat (H) flux. Thus, Figures 2-4 and 2-5 only show the
daytime spatial patterns of average H and LE from the def, LU, Alb, LAI, and VF
simulations and the differences of H and LE resulting from using each of the actual LU,
albedo, LAIL and VF datasets. The VF simulation (Figures 2-4 and 2-5e) indicates an
obvious difference in spatial patterns of H and LE in the basin, compared with that from
the other four simulations (Figures 2-4 and 2-5a—d). Since evident differences with values
of 0-85% are across the Ili River basin and the oases areas between the actual and default
GVF (Figure 2-21), the VF simulation considerably decreases simulation of H by a value
of approximately 50-150 W/m? (Figure 2-4i) and considerably increases LE by
approximately 90-270 W/m? (Figure 2-5i) over these areas. Although the def, LU, Alb, and
LAI simulations present relatively similar overall spatial patterns of H and LE, some
detailed differences have to be noted. Since there is no urban representation in the default
LU (Figure 2-2¢), the value of H (LE) is obviously underestimated (overestimated) by
approximately 100-150 W/m? (Figures 2-4 and 2-5f) over corresponding grids in the def
simulation. Since the default LU data includes a large area of shrubland over the oasis
region, and forest in the Ili River valley rather than cropland in the actual LU data, the
misclassification results in the def simulation overestimating (underestimating) LE (H) by
approximately 50 W/m? over the corresponding grids (Figures 2-4 and 2-5f). In addition,
since there is no ice found in the default LU compared with the actual LU, the def
simulation overestimates (underestimates) H (LE) in the corresponding areas. These results
indicate that the outdated default LU results in an incorrect energy response, especially
over the oasis area, the Ili River valley basin, and the glacier region. Realistic representation
of LU is important for energy budget simulation, since it determines secondary parameters
such as LAI, albedo, emissivity, and surface roughness length. Given that the actual albedo
values are slightly greater than the default values, ranging from 0.05-0.25 (Figure 2-2j),
this decreases H and LE in the Alb simulation compared with the LU simulation (Figures
2-4 and 2-5c¢), especially in mountainous areas. Slight differences in H and LE result from
using the actual LAI data, with the most obvious differences in the Ili River basin and the

northern oasis border (black rectangle in Figures 2-2k.1).
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2.5.3. Impacts of the actual terrestrial datasets on 2-m air temperature, humidity
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Figure 2-6. Comparisons between observations and five simulations of hourly averaged 2-m air
temperature(a,c,e,g,i,k), and corresponding scatter diagram at six sites(b,d,f,h,j,I). The def is a
simulation with default LU, albedo, LAI and GVF provided by WRF itself, LU is a simulation
with only actual LU, Alb is a simulation with only actual LU and albedo, LAI is a simulation
with actual LU, albedo and LAI, and GVF is a simulation with actual all of four terrestrial

datasets.

Figures 2-6 and 2-7 show aspects of the WRF performance in simulating T2 and RH,
respectively, from the five simulations. All of the def, LU, Alb, LAI, and VF simulations
reproduce the shape and peak of T2 and RH, and produce a strong linear relationship of T2
and a relatively moderate relationship of RH with the observations at six stations in the two
years. The R? of T2 ranges between 0.71 and 0.95 (p < 0.05), and that of RH ranges between
0.44 and 0.75 (p < 0.05) obtained from all of the five simulations. Although the T2 (RH)
from all of the simulations, compared with the observations, is overestimated

(underestimated) over both cropland sites (S1, S2, S3, and S4) and over desert sites (S5 and
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S6) throughout all times of the day, a stronger relationship (increasing R? progressively)
and similar magnitudes of T2 and RH (decreasing RMSE progressively) are observed when
each of actual LU, albedo, LAI and GVF datasets was used in the simulations. In particular,
at S2, S3, and S4, the bias of temperature was corrected by up to 0.35-2.25 °C and that of
relative humidity was corrected by up to 8.85%. Thus, using actual terrestrial datasets

improves the WRF performance.
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Figure 2-7. Comparisons of hourly averaged 2 m relative humidity (RH) between observations
and five simulations (a, c, e, g, i, K), and corresponding scatter diagram (b, d, f, h, j, I) at six
stations (S1-S6) in 2010 and 2012. The def is a simulation with default LU, albedo, LAl and GVF
provided by WRF itself, LU is a simulation with only actual LU, Alb is a simulation with only
actual LU and albedo, LAI is a simulation with actual LU, albedo and LAI, and GVF is a

simulation with actual all of four terrestrial datasets.

Note that the improvements are relatively smaller at station S1 compared with those at
stations S2, S3, and S4. This can be attributed to the fact that the S1 station is located in an

urban area, so using actual vegetation parameters such as the LAI or GVF does not affect
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the performance of the WRF model in these areas. The overestimations of T2 and
underestimations of RH over oasis areas could be attributed to the cooling or wetting effects
of soil evaporation from irrigation; these cannot be simulated by lake irrigation schemes in
WREF. All five simulations (the def, LU, Alb, LAI, and GVF) captured the rain event that
occurred on 28 July 2012 at S1, S3, and S4 (not shown). However, it is difficult to
determine whether the use of actual LU, albedo, LAI, and GVF data improved the

simulation of precipitation due to the limited statistics.

Figures 2-8 and 2-9 present spatial patterns of T2 and Q2 from the def, LU, Alb, LAI, and
VF simulations, and their differences (the differences of pixels are statistically significant
at p <0.05) using each of actual LU, albedo, LAI, and GVF data, respectively. Overall, all
of the simulations (the def, LU, Alb, LAI, and GVF) generally suggest continuous stripe
like T2 increases from the mountainous areas to the basin due to the lapse rate of
temperature resulting from the elevation gradient difference. In addition, the simulations
show lower Q2 in the mountainous regions as compared to basin areas due to the large
difference of temperature in each. Focusing on the difference between oases and desert
regions, in accordance with spatial patterns of H and LE, the spatial patterns of T2 and Q2
from the def (Figures 2-8 and 2-9a,al) and VF (Figures 2-8 and 2-9¢,e1) simulations differ
from the LU, Alb, and LAI simulations during the daytime (Figures 2-8 and 2-9b—d) and
night-time (Figures 2-8 and 2-9b1-d1).

Specifically, as indicated by the difference of T2 and Q2 between the LU and def
simulations (Figures 2-8 and 2-9f,f1), the averaged T2 differences over the oasis area and
Ili River valley from the LU simulation decrease up to approximately —0.5°C in the daytime
(Figure 2-8f) and —1.2 °C at night-time (Figure 2-8f1), and the averaged Q2 over these
areas increases (decreases) 0.25 g kg™ ! during the daytime (in night-time) when actual LU
data 1s used in the WRF model (Figures 2-91,f1). The differences most likely result from
the fact that the default LU over these areas includes sparse shrubland and forest, while the
actual LU data show cropland. Since the default LU data do not include urban areas or ice
(Figure 2-2b), there are also large differences in T2 and Q2 over these grids. In addition,
there are also obvious differences in T2 and Q2 in the northeast desert when actual LU data
was used. Although the LU, Alb, and LAI simulations can simulate the cold—wet island
effects of the area during the daytime, this effect is more intense in the VF simulation than

in the other three simulations. Using actual GVF data results in a significant decrease in T2
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of —0.5 to —1.5°C during the day (Figure 2-8i) and —0.5 to —4.5°C (Figure 2-8il) at night;
similarly, there is a large increase in Q2 by 0.5-2.5 g kg ! during the day (Figure 2-9i) and
a decrease of 1.0 g kg ! at night (Figure 2-9i1) over the oasis area and Ili River Valley.
Using actual albedo data results in a slight decrease in T2 of approximately —0.45°C (Figure
2-8g1) and a decrease in Q2 of approximately 0.5 g kg™! (Figure 2-9g1) over the north-
eastern desert at night, as shown by the difference between the Alb and LU simulations.
Using actual LAI data results in a slight decrease in T2 by approximately —0.15°C (Figures
2-8h, h1), and an increase in Q2 by approximately 0.25 g kg! over the oasis region for the
whole day (Figures 2-9h,h1). Overall, actual LU and GVF data strongly influence the
simulations of T2 and Q2 patterns in the oasis—desert system, while albedo and LAI have

a lesser impact.
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Figure 2-8. Daytime spatial patterns of 2 m air temperature (T2) from the(a) def, (b) LU, (c) Alb,
(d) LAI and (e) VF simulations, and their differences (f) b—a, (g) c-b, (h) d—c and (i) e-d (these
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difference pixels are statistically significant at p < 0.05). And corresponding patterns during the

night-time, which are labelled with the corresponding daytime label and the number 1. The def

is a simulation with default LU, albedo, LAl and GVF provided by WRF itself, LU is a

simulation with only actual LU, Alb is a simulation with only actual LU and albedo, LAl is a
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simulation with actual LU, albedo and LAI, and GVF is a simulation with actual all of four

terrestrial datasets. The red line represents the border of the key oasis area.
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Figure 2-9. Daytime spatial patterns of 2 m specific humidity patterns (Q2, g kg—2) from the (a)

def, (b) LU, (c) Alb, (d) LAI and (e) VF simulations, and their differences (f) b—a, (g) c-b, (h) d—c

and (i) e-d (these difference pixels are statistically significant at p < 0.05). And corresponding

patterns during the night-time, which are labelled with the corresponding daytime label and the

number 1. The caption of def, LU, Alb,LAI and VF simulations is same with the figure 2-8.
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2.5.4. Impacts of the actual terrestrial datasets on the surface circulation

Figure 2-10 shows comparisons of the simulated 10 m horizontal WS and WD from the def, LU,
Alb, LAI, and VF simulations with observations at three meteorological stations over cropland.
Station S1 is located in the upper part of the oasis, near its southern border, and stations S3 and S4
are located in the lower part of the oasis, near its northern border. Although the RMSE (R?) of the
WS decreases slightly (increases) as actual data are added in the def, LU, Alb, LAL and VF
simulations, most of the simulated WS values are higher than the observed values by approximately
2 m/s; 60% of the simulated WS range from 2—6 m/s, whereas the observed values range from 2—4
m/s. The reason for this bias in WS is that the uncertainty of randomized turbulence processes
results in difficulties in the accurate simulation of wind patterns (Hannaand Yang, 2001). The trends
in WD are consistent with the observations. The dominant WD is WNW or NW during the daytime
and WSW or SW during the night-time for all stations; these directions are observed in all
simulations and in the observations, and reflect the circulation characteristics in a mountain—valley

region.
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Figure 2-11. Daytime spatial patterns of 10 m wind speed (WS) and wind direction (WD) from

the (a) def, (b) LU, (c) Alb, (d) LAI and (e) VF simulations, and their differences (f) b-a, (g) c-b,

(h) d—c and (i) e-d (these difference pixels are statistically significant at p < 0.05). And

corresponding patterns during the night-time, which are labelled with the corresponding

daytime label and the number 1. The def is a simulation with default LU, albedo, LAl and GVF

provided by WRF itself, LU is a simulation with only actual LU, Alb is a simulation with only

actual LU and albedo, LAI is a simulation with actual LU, albedo and LAI, and GVF is a

simulation with actual all of four terrestrial datasets. The red line represents the border of the

key oasis area.

Figure 2-11 shows the WS and WD patterns from the def, LU, Alb, LAI, and VF

simulations and the differences caused by using each of the actual LU, albedo, LAI, and

VF datasets. Overall, the simulations (def, LU, Alb, LAI, and VF) reflect the characteristics

of mountain—valley winds, which have WDs to the WNW or NW during the day and to the

WSW or SW at night. Using actual LU, albedo, and LAI data has very little impact on the
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spatial patterns of WD (Figures 2-11f-h,fl-hl), but using actual VF data causes slight
differences in the oasis center and the surrounding desert (Figures 2-111,i1). These results

suggest that using actual VF data increases the intensity of oasis effects (cold—wet island

effects, and OBC).

2.5.5. Response of WRF to various actual terrestrial datasets

To quantitatively discern which terrestrial datasets have the strongest influence on the
meteorological elements simulated in this region, the bias percentage was calculated as the
general regional influence index, following the approach in (Gao et al., 2008). After land

surface parameters are replaced, the equation is as follows:

1
n ?:1(Ysim(j)_ sim(j—l))
BPi =
1an Y
E i=11obs

In the current study, n is the number of stations, Y,y is the simulated meteorological

variables (e.g., temperature) with updated actual land surface parameters from experiment
J, and Y,,¢ is the observed value at each station. Four modelled predictors (T2, RH, WS,

and LE) are analyzed.

Figure 2-12 presents the bias percentage of the simulated T2, RH, WS, and LE due to using
each actual dataset. The y axis shows the mean bias percentage for 2010 and 2012, which
represents the impact of using each actual dataset on atmospheric simulations. Using actual
LAI and GVF data mainly affects the LE (Figures 2-12g,h), while using actual LU and
albedo data affects the WS (Figures 2-12c,f). T2 (RH) decreases (increases) by a total of
—3.5% (10.2%) from using actual LU, albedo, LAI, and GVF data. In total, —2.26% (8.85%)
of the change in T2 (RH) is contributed by using actual GVF data, and the remainder comes
from using actual data for albedo and the other two parameters (Figures 2-12a,b). The WS
decreases by -13.31% when actual LU, albedo, LAI, and GVF data are used; of that total,
LU and albedo contribute —5.51% and —4.47%, respectively—tfar more than the other two
parameters (Figure 2-12c). The LE first decreases due to the use of actual LU and albedo
data and then increases with the addition of actual LAI and GVF data; the total change is
58.19%, of which VF contributes 54.94%, which is far more than the other three parameters

(Figure 2-12d). In general, using actual land surface parameters alters the near-surface
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meteorology simulation in the lower atmospheric layer (Figures 2-12e-h). Using actual
GVF data has a large influence on the simulation of T2, RH, and LE in the oasis—desert
system, which contributes to error correction values of 62%, 87%, and 92%. Thus, using
actual VF data is very important for simulating near-surface meteorology. Using actual LU
is the principal parameter for near-surface water and heat simulation, since it determines
the value of secondary parameters such as LAI, albedo, emissivity, and surface roughness

length.
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Figure 2-12. Average bias percentages of simulated meteorology variables at 6 meteorology
stations due to using each actual terrestrial datasets: (a) T2 biases, (b) RH biases, (c) WS biases,
(d) LE biases, (e) biases due to using actual LU, (f) biases due to using actual albedo, (g) biases
using actual LA, (h) biases due to using actual GVF datasets.
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2.6 Discussion

Outdated default terrestrial datasets in WRF, including LU, albedo, LAI, and VF, limit this
model’s ability to accurately simulate the meteorological characteristics of the complex
oasis—desert system in NTM. In this study, we examined the impact of using actual LU,
albedo, LAI and GVF data from satellite products in WRF on the model performance. Five
simulations were conducted with the same meteorological forcing data and model schemes:
def (using default LU, albedo, LAI, and GVF data), LU (using actual LU data only), Alb
(using actual LU and albedo data only), LAI (using actual LU, albedo, and LAI), and VF
(using all of actual LU, albedo, LAI, and GVF together).

WRF simulations of temperature, humidity, energy, and WS are improved by the
incorporation of actual LU, albedo, LAI, and GVF into the model, as evidenced by the
decrease in RMSE values and increase in R? in both 2010 and 2012. Using actual VF data
greatly affects the simulation of T2, RH, and LE in the oasis—desert system, contributing
to error correction values of 62%, 87%, and 92%, respectively. LU data is a primary
parameter and it determines the values of many secondary parameters. Although all of the
simulations conducted in this study produce the characteristic of the “wet—cold” island
effect over the oasis area, as reported previously (Kumar et al., 2014; Zhang et al., 2015;
Meng et al., 2009), WRF can more accurately reflect the intensity of the oasis cold—wet
effects when using all actual LU, albedo, LAI, and GVF data. The results of this study
contribute to a greater knowledge of the impacts of land surface parameters on the
performance of WRF (Wen et al., 2012), which is beneficial for various applications,
especially for land surface and climate modelling. Our results are also critical to accurately

understanding the intensity of cold—wet effects of oases and the OBC.

We note that our simulations have several limitations. For example, overall, we found that
the simulations overestimated (underestimated) T2 (RH), and the VF simulation
overestimates the LE relative to the observations. These errors can be attributed to the fact
that soil evaporation resulting from irrigation and plastic mulching effects are not
considered in the simulations of WRF (Wen et al., 2012; Meng et al., 2009). Adding

irrigation and plastic mulching schemes may help to correct these errors.
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2.7 Conclusions

The current study used WRF with actual LU, albedo, LAI, and GVF data derived from
satellite products to improve the simulation of weather and climate conditions in the oasis—
desert system of the NTM in 2010 and 2012. Model evaluations for temperature, humidity,
and energy demonstrated that our simulations, which were performed using actual
terrestrial datasets, improved the performance of WRF, as evidenced by the decrease in
RMSE and the increase in R2. All of the simulations exhibit the “wet—cold” island effects
of the oases. However, the intensity of the wet—cold effect varies depending on the use of
actual LU, albedo, LAI and VF data. Using actual GVF data results in error correction
values of 62%, 87% and 92%, respectively, for simulated T2, RH, and LE in the oasis—
desert system. Using actual LU data is crucial for near-surface water and heat simulation,
since it determines the values of additional secondary parameters. We conclude that it is
important to use, at least, actual LU and GVF data for weather and climate simulations in

WREF.
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CHAPTER 3

THE IMPACT OF DRIP IRRIGATION
ON THE ATMOSPHERIC STRUCTURE
AND THE LOCAL CLIMATE

Modified from: Miao Zhang, Geping Luo, Philippe De Maeyer, Rafiq Hamdi, Hui Ye,
Huili He, Peng Cai. 2017. The effect of drip irrigation on water-heat patterns in a
mountain-oasis-desert ecosystem in the north Tianshan Mountains. JGR-

Atmosphere.submitted.
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ABSTRACT

Exploring irrigation’s effects on water and heat patterns of complex mountain-oasis-desert
ecosystem is very significant for regional sustainable development under the limited water
and soil conditions in the north Tianshan Mountains(NTM). A drip irrigation scheme was
incorporated into the weather research and forecasting (WRF) in order to realistically
represent water and heat conditions of artificial oasis across the NTM. Two simulations
were conducted with drip irrigation(IRR) and without irrigation(CON) from January 1st,
2011 to September 31st, 2012. Model evaluation further reveals that this new irrigation
approach can generate irrigation water amounts that are in close agreement with the actual
irrigation water amounts across the NTM, and surface energy, temperature and humidity
conditions have been substantially altered with the new irrigation process. No significant
effects of the irrigation on water-heat conditions of oasis were observed in the non-
irrigation season, however, irrigation increases the latent heat flux(LE) 80.81 W/m? and
decreases the sensible heat flux(H) 63.03 W/m? over oasis, thereby strengthening cold-wet
island effects of oasis and intensity of oasis breeze circulation (OBC) during the irrigation
season. In addition, our modeling results show that the impacts of irrigation on temperature,
H and LE were mainly restricted over oasis, but the impact on humidity spread to across
whole NTM. Moreover, irrigation increased precipitation amount in upwind mountains
areas with elevation approximately 1000-2000 m in daytime and northern desert area in
nighttime. That the impacting range of irrigation on humidity and precipitation spreads to
non-irrigation area might be relevant to mountain-valley winds, which implied that

irrigation might accelerate the hydrological cycle in MODS.

Key words: MODIS; Weather Research and Forecasting model; Oasis-Desert system;

Oasis effects; North Tianshan Mountains; Central Asia

3.1 Introduction

Central Asia arid area (CA), including Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan,
Uzbekistan, and the Xinjiang Province of China (Hu et al., 2014; Li et al., 2015), is located
deep inside the continent with special geomorphology of mountain-basin systems, known
to climate change (Sorg et al., 2012b). Water is a particularly scarce and valuable good for

both human livelihoods and ecosystems here (Gessner et al., 2013), because the water
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resources are only from Mountains (The Tianshan mountains, located in the hinterland of
Central Asia, acts as the “water tower of Central Asia”(Sorg et al., 2012a)), whose rivers
all are fed by important hydrologic processes of snow and glacial melt, and precipitation
from mountain ranges (Immerzeel et al., 2010), flow into artificial lakes, disappear in the
desert area in the basin (Luo et al., 2010). Based on limited runoff (Bothe et al., 2012) and
unrestricted groundwater exploitation (Ming-jiang, 2009), oases are widespread embedded
in the desert and Gobi background by irrigation (Souza et al., 2006; Smith et al., 2007,
Soltan, 1999; Lietal., 2007; Luo et al., 2010). Accordingly, CA can be divided into various
watersheds consisting of mountain, oasis, and desert areas, named as Mountain-Oasis-
Desert ecoSystem (MODS). The north Tianshan Mountains (NTM) is one of such typical
geomorphology areas, which consists of a great number of complex MODS. Since 1950s,
the region has been experiencing intense oases expansion (from 121.0x 10* ha in the year
of 1949 to 512.5% 10* ha in 2010) based on unrestrained extraction of groundwater for
irrigation (Hong et al., 2003; Zhang et al., 2017c¢; Jia et al., 2004). As a result, a serials of
ecological problems appear, such as regional desertification, soil salinization and
drawdown of groundwater levels due to irrigation (Sun et al., 2011; Wang et al., 2008).
Meanwhile, recent studies indicate that annual mean air temperature in the NTM have been
increasing at an average rate of 0.8 °C decade™! (He et al., 2003), which is far larger than
the average rate for CA (i.e., 0.39 °C decade ™! from 1979 to 2011) and for global land areas
(i.e., 0.27-0.31 °C decade' from 1979 to 2005) (Hu et al., 2014). Precipitation and
frequency of extreme precipitation have an obvious increasing tendency in NTM at an
increase rate of 11.3% (He et al., 2003), but climate shows drying tendency (Xu et al.,
2004; Lianmei, 2003). While other arid areas in the CA show generally a slight decrease of
average annual precipitation (Lioubimtseva and Henebry, 2009; Gessner et al., 2013).
Horton, et al. found these heat and water dynamic contributions for regional climate change
are largely independent of or potentially related to land cover change processes (Zhou et
al., 2015; Horton et al., 2015; Qu et al., 2013). The abnormal regional temperature and
precipitation change in the NTM may be likely to respond to the rapid oases expansion and

intensive irrigation in such relatively close mountain-basin structures.

Numerical simulation using regional climate models (RCMs) is the most effective method
to explore the local water and surface energy dynamics of such irrigated oases systems and

climate effects of its evolution on regional climate change in such complex mountain-basin
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landscape, because RCMs can account for climatic mechanisms not included in field
measurements (Yu et al., 2006; Li et al., 2013) and Global Circulation Models (GCMs)
(Seungbum et al., 2009; Seneviratne et al., 2006). GCMs are unable to adequately resolve
many important meso-microscale processes, like wind patterns and precipitation due to
orographic effects based on large-scale convective parameterization schemes, and simpler
land surface processes (Kysely et al., 2016). Emerging RCMs include the Canadian RCM
(Caya et al., 1999), Fifth-generation Mesoscale Model (MMS5) (Grell et al., 1994), the
Regional Climate Model version 3 (Giorgi et al., 1993a; Giorgi et al., 1993b; Pal et al.,
2007), Regional Atmospheric Modeling System (RAMS), NCAR regional climate model
(RegCM) (Evans and Zaitchik, 2008) and ALARO (Hamdi et al., 2013; De Troch et al.,
2013) and the Weather Research and Forecasting model (WRF) (Skamarock et al., 2005).
As the next generation of climate model MMS5, WREF coupled to a sophisticated land surface
scheme Noah (WRF-Noah) is currently widely used and preferable to simulate regional
climate in past 10 years (Branch et al., 2014; Cao et al., 2015). Many numerical simulations
have been conducted to examine heat and water conditions of oases and effects of irrigation
using WRF. For example, the “cold-wet island” effects of oasis (oasis becoming a cold,
wet island capped by warm, dry air) and Oasis Breeze Circulation (OBC) between irrigated
oases and deserts are driven by the significant horizontal and vertical differences of energy
and vapor between them (Chu et al., 2005; Liu et al., 2007; Lv et al., 2005; Meng et al.,
2015; Meng et al., 2012; Meng et al., 2009; Wen et al., 2012). Many researchers proposed
that such oasis has altered regional climate with widespread reduction in summer
temperature due to reduced sensible heat flux and increased latent heat fluxes at the same
times, leading to modified large-scale atmospheric circulations and boundary layer height
based on simulations (Pei et al., 2016; Jiang et al., 2014; Qu et al., 2013; Cao et al., 2015;
Deng et al., 2015; Kueppers and Snyder, 2012; Evans and Zaitchik, 2008; Zaitchik et al.,
2005; Meng et al., 2009; Zeng et al., 2017; Branch et al., 2014).

However, there were no irrigation schemes implemented in the accompanying NOAH in
official releases of WRF (Chen and Dudhia, 2001b; Chen and Dudhia, 2001a), also in most
of others RCMs, and an oasis cannot survive without irrigation in the CA. The climate
effects of irrigation in the CA are neglected or idealized in most of climate researches
(Sacks et al., 2009). Some studies initialized irrigated crops with high soil moisture

distinguished from dry land crop in default WRF- NOAH (Jiang et al., 2014; Qu et al.,
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2013; Cao et al., 2015; Deng et al., 2015; Kueppers and Snyder, 2012), but no additional
water was introduced during the simulation. This may be appropriate for 2-3 days weather
simulations, but for studies of climate some modification may be required. Some
simulations were done to mimic sprinkler irrigation as precipitation (Ozdogan et al., 2007),
which is typical for cash crops in the United States, but relatively uncommon in such oases
in the CA. Others were trying to let soil moisture continuous saturation at every time step
to describe an ideal flood irrigation status (Pei et al., 2016; Evans and Zaitchik, 2008;
Zaitchik et al., 2005; Meng et al., 2009; Zeng et al., 2017; Branch et al., 2014). The ideal
irrigation schemes may be helpful to understand the potential climate effects of irrigated
crop, however in reality, irrigation usually occurs when the soil moisture drops to a low
level threatening the crop growth, especially the irrigation would be largely constrained by
the shortage of water resources in the CA. Using drip irrigation under plastic film since
1995 is effective method to conserve the limited water resources in this region (Fan et al.,
2013).The premise of studying historic contribution of irrigation and oasis evolution on
regional climate change is to realistically simulate heat and water conditions of such drip-
irrigated oases. If the water-heat conditions of the drip-irrigated crop surface is realistically
represented, we can then go on to assess the impacts of such irrigated oases evolution on
historical regional climate change, mesoscale impacts such as convection initiation and

water resources in MODS in CA arid area.

Our ultimate goal in this paper is to examine the performance of WRF with adding a drip
irrigation scheme proposed by Evans (Evans and Zaitchik, 2008) realistically represent
water-heat conditions (surface energy budgets, temperature and humidity, planetary
boundary layer height (PBLH), atmospheric structure and dynamics) of oasis in the CA,
and show the effects of the drip irrigation on the water-heat conditions in relatively close
mountain-basin systems, which is a prerequisite to further examine effects of historical
irrigated oases evolution on regional climate change in the CA. This paper is organized as
follows. The study area, datasets, methods are introduced in section 2; the validation and
simulated results are presented in section 3; the comparisons between this study and
previous studies and the associated uncertainties are discussed in section 4. Finally the

conclusions are summarized in section 5.
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3.2 Study area and Data

3.2.1. Study area and its climate
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Figure 3-1. (a) locations of NTM in the CA, and land surface elevations, meteorological sites,

simulations domains of NTM, (b) Land use (LU) types of NTM in 2012

The information of NTM has been introduced in the section 1.2 and the oasis expanasion
situation has also been introduced in the section 1.1.1. We only used the outer two domain
simulation in this chapter (Figure 3-1). Detailed domain information can be seen in section

1.3.2.

3.2.2. Forcing data and in situ measurements

The detailed elements and information of ERA-Interim are seen in section 1.4.1. We select
hourly observation in 2012 at meteorological stations S1, S2, S3, S4 and S7 to validate
simulation results (Table 1-4), because the five stations are distributed in irrigated oasis

areas. Hourly climate elements were retrieved to validate the simulation results.

3.3 Methodology

3.3.1. Model description and configuration

We only used the two outer domain simulation in this chapter (Figure 3-1). Detailed domain

information and configuration can be seen in section 1.3.2.
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Because of the use of these outdated terrestrial datasets, WRF have a limited ability to
accurately simulate weather and climate conditions over such heterogeneous and complex
oasis-desert systems, especially near large mountains (Lenderink et al., 2007; Vidale et al.,
2007). We used actual LU and GVF datasets in 12 months, which are generated by the
Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, based on
Landsat images and a 1:1,000,000 scale topographic map (Chen, 2008) and from MODIS
vegetation indices (MOD13A2), respectively. Because LU and GVF account for 70% more
influence on simulation results compared with others terrestrial datasets (Zhang et al.,
2017a; Zhang et al., 2017b). The updated LUs and GVF provided a substantially more

realistic map of summertime irrigated crops and associated vegetation density.

3.3.2. Irrigation in WRF-NOAH

In WRF-NOAH, there were no official releases of WRF with irrigation schemes
implemented in the accompanying Noah or the newer Noah-MP land surface models, and
grid cells classified as irrigated crops are initialized at 100% soil moisture, but no additional
water is introduced during the simulation. This may be appropriate for 2-3 d weather
simulations, but for studies of climate response of oases evolution in arid area some
modification is required. In this study, a drip irrigation scheme proposed by previous
researcher (Evans and Zaitchik, 2008) were incorporated into WRF-NOAH. The irrigation
season was set as from 15" April and closed on 15™ September in accordance with average
irrigation patterns over oases region in the CA (Fan et al., 2013). Since the crop here was
irrigated by drip water into root and most of crop was under plastic film. Moreover the
water is scare here. Our assumed that the irrigated crops always have enough moisture to
transpire without being stressed but no excess water is added, and that very little moisture
reached 25 cm away from the drip radially on the basis of detailed field experiment
(Fernandez et al., 2006a; Fernandez et al., 2006b). Thus this scheme makes sure there is
always enough water available for the vegetation to transpire without water limitations,

even though the mean soil moisture of grid cell may continue to decrease.

In NOAH, the soil moisture effects on evapotranspiration (ET) through the canopy
resistance, R¢ , given by (Chen and Dudhia, 2001b; Chen et al., 1996; Niu et al., 2011;
Yang et al., 2011)
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We
Ee = orEpBe [1— |

Where or is the green vegetation fraction, E, is the potential evaporation, Bc is a function
of the canopy resistance given below, W¢ is the intercepted canopy water,S is the

maximum canopy water storage.

il
:
B, = Y

1+RCCh+R_r

Where G, is the surface exchange coefficient for heat and moisture, A depends on the
slope of the saturation specific humidity curve, R; is a function of the surface air
temperature, surface pressure and Cp,

Rcmin

T LAl X Fy X Fy X F3 X F,

R.

where Remin 1s the minimum canopy resistance, LAI is the leaf area index, F; is the solar
radiation effect (amount of PAR), F> is the vapor pressure deficit effect (air humidity: dry
air stress), F3 is the air temperature effect (air temperature: heat stress) and F4 is the soil
moisture effect. All F factors vary between 0 and 1, with 1 represents the least canopy
resistance to transpiration. In our drip irrigation process, we calculated the canopy
resistance twice. Once given the current soil moisture status, and another once with F4 is
set to 1 for grid cells classified as irrigated crops, ensuring that there is no soil moisture
stress (Evans et al., 2008). The first value is used to calculate the amount of current soil
moisture used for ET, while the second value is used to calculate the ET that occurs if there
is no soil moisture stress. The difference between the two gives the amount of irrigation
amount that must be added to a grid cell to avoid any soil moisture stress under drip
irrigation.

3.3.3.  Experiment design

To carry out this study, we first incorporated drip irrigation scheme (Evans and Zaitchik,
2008) into WRF model. Second, two simulations were performed from January 1st, 2011
to December 31st, 2012. The first run is the control simulation using default WRF without
irrigation processes (CON); the second run is the scenario simulation adding drip irrigation
scheme into the WRF (IRR). The simulated results were compared to observations at five
meteorological stations (Figure 1a) to examine whether the water and heat conditions of

oases were realistically represented. Finally, we present the effects of irrigation on the
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surface energy budget, temperature, humidity and precipitation, as well as atmospheric
structure in MODS. Generally, in the absence of accurate, gridded, initial soil moisture
conditions, a spin-up period is needed to allow soil moisture within Noah to approach
equilibrium within the hydrological cycle (Branch et al., 2014), and the optimal spin-up
period may require considerable periods, possibly even years to reach equilibrium (Lim et
al., 2012). In this study, following similar simulations (Liu et al., 2007; Lv et al., 2005;
Meng et al., 2015; Meng et al., 2012; Meng et al., 2009), the simulation results for the first

year were discarded as spin-up. The simulated results in the 2012 were used as analysis.

3.4 Results

34.1 Validation

Figure 3-2 shows aspects of the WRF performance in simulating T2, RH and ET,
respectively from the CON and IRR simulations. The two simulations reproduce the similar
shape and peak of T2, RH and ET, but the IRR produces a stronger linear relationship and
similar magnitudes of T2, RH and ET. Drip irrigation in this region did not impact
simulations of T2, RH and ET in non-irrigation season based on scarce difference between
CON and IRR simulations (not shown). In the irrigation season, The R? of T2 obtained
from CON and IRR simulations are 0.92 and 0.92 (p < 0.001), that of RH ranges from 0.52
to 0.54 (p <0.001), and that of ET ranges from 0.37 to 0.84 (p < 0.001) respectively. The
bias of temperature was corrected by up to 0.35 °C in each hour, that of relative humidity
was corrected by up to 2.84% in each hour, and that of evapotranspiration was corrected
by up to 0.61 mm/day. Although errors can still be seen in the two simulations mentioned
above, the improvement of bias and RMSE is statistically extremely significant, and
coefficients of determination are remarkably increased from the IRR, which indicates that
adding drip irrigation scheme improves performance of the WRF in simulating water and

heat patterns in the MODS in the irrigation season.

Figure 3-3 shows the monthly ET and precipitation(P) from the CON and IRR simulations
and observation, respectively, and total irrigation amount and P in each month in irrigation
season. The ET is far more than the P in this region from both simulations and observation,
indicating typical arid climate features in this region (Figure 3-3a). The ET values from the
IRR simulation is closer to the observations (Figure 3-3a). The IRR simulation shows that

the annual irrigation amount is 475.67 mm in 2012. Such a simulated irrigation amount is
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comparable to the climatological irrigation consumption of 477 mm estimated from ground

measurements (Li Fuxian 2002) and the irrigation quota of approximately 397.5-487.14

mm (ZHOU et al., 2013; MA Jinlong et al., 2015).
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Figure 3-2. Comparisons of hourly averaged (a) 2-m air temperature (T2), (¢) 2-m relative

humidity (RH), (e) evapotranspiration (ET) between observations and simulations, respectively,

and (b, d, f) corresponding scatter diagrams.
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Figure 3-3. Comparison of the (a) monthly evapotranspiration (ET), precipitation (P) from the
CON and IRR simulations and observation, and (b) irrigation amount in each month and in a

year from the IRR.

3.4.2  The effects of irrigation on the near-surface climate elements

The patterns and partition of heat fluxes are directly associated with radiation budget and
rising-sinking motions, which determines local, even wider range atmospheric circulation
and local climate (Gu et al., 2006; Wang and Bouzeid, 2012). H and LE are directional
parameters, their values are positive when the direction is upward. The spatial patterns of
H, LE, T2 and Q2 in daytime and night time from the IRR simulation, and the effects of
drip irrigation on these patterns are shown in Figure 3-4. In an overall look, the spatial
patterns of H, LE, T2 and Q2 in daytime and nighttime generally exhibit continuous stripe-
like increases from the mountainous areas to the oasis areas and to the desert areas (Figure
3-4a, b, c, d, cl, dl), except for H and LE patterns in nighttime (Figure 3-4al, bl). The
stripe-like change indicates that the near surface water-heat patterns of MODS are not only
impacted by various underlying LU differences of mountain, oasis and desert, but are
controlled by temperature lapse rate (TLR) caused by elevation difference. An obvious
gradient line is observed along the northern boundary of the oasis and desert, indicating
irrigated oasis region obviously disturb the stripe-like tendency of the water-heat patterns
in the NTM. There is no effects of drip irrigation on patterns of H and LE at nighttime, but,
in daytime, the mean all irrigated grid H and LE difference between the IRR and CON are
-63.03 W/m? (ranges from -231.55 to 15.69 W/m?, the difference pixels are statistically
significant at p < 0.001) and 80.81 W/m? (ranges from -12.9 to 286.2 W/m?, the difference
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pixels are statistically significant at p < 0.001), respectively, indicating that drip irrigation
decreased H and increase LE over oasis region. We also noticed that the drip irrigation
resulted in a decrease of near-surface air temperatures of mean all irrigated grid as large as
—0.61 °C (ranges from -1.71°C to 0°C) in daytime and as large as —0.35 °C (ranges from -
1.01°C to 0.29 °C) at night over the oasis. While the irrigation increased Q2 over oasis 0.68
g/kg in daytime and 0.04 g/kg at nighttime, and the impacts of the irrigation on Q2 are

distributed over the whole basin rather than over oasis itself.
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Figure 3-4. Spatial patterns of averaged (a) sensible heat flux (H), (b) latent heat flux (LE), (c) 2-
m air temperature (T2), and (d) 2-m specific humidity from the IRR simulation in daytime in the
irrigation season, and (e, f, g, h) the difference between the IRR and CON simulations (the
difference pixels are statistically significant at p < 0.001). And corresponding patterns in
nighttime, which are labelled with the corresponding daytime label and the number 1. The red

line represents the border of the oasis.
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3.4.3  The effects of irrigation on the atmospheric structure and dynamics (humidity,
temperature and PBLH)
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Figure 3-5. Vertical cross section of mean air temperature (°C) along the white line shown in
Figure 4a from the (a, b) IRR simulation, and from the (¢, d) CON simulation, and the (e, f)
differences between the IRR simulation and CON simulation during daytime and nighttime,

respectively. Height along y-axis is given in height (km).
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Figure 3-6. Vertical cross section of mean specific humidity (g/kg) along the white line shown in
Figure 4a from the (a, b) IRR simulation, and from the (c, d)CON simulation, and the (g, f)
differences between the IRR simulation and CON simulation during daytime and nighttime,

respectively. Height along y-axis is given in height (km).

Figure 3-5 and Figure 3-6 present the vertical section of mean air temperature (°C) and
specific humidity (g/kg) from the IRR and CON simulations, and the effects of drip
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irrigation on the vertical temperature and humidity patterns. Although both the IRR and
CON simulations show continuous stripe-like increasing temperature and decreasing
humidity patterns from earth surface to its above (Figure 3-5 and Figure 3-6a, b, c, d), the
air temperatures (specific humidity) over the oasis area are clearly lower (higher) at the
same altitude of approximately 1500 m from the IRR simulation compared with the CON
simulation with n-shaped difference patterns of air temperature and humidity (Figure 3-5
and Figure 3-6¢). These show that drip irrigation has a cooling and wetting effects on the
atmospheric temperature and humidity in MODS, with values up to 0- -2 °C and 0-2 g/kg
from near surface to approximately 1.5 km over the irrigated oasis region. These results

indicates irrigation enhance the clod-wet island effects of oasis.

2000 -

PBL Height (m)
p—
(e}
(e}
O

1:003 5 7 9 11 13 15 17 19 21 23
Time of day (UTC Hours)
— CON —IRR — Difference

Figure 3-7. Comparison of diurnal variation in mean planetary boundary layer height (PBLH)

in irrigation season.

The planetary boundary layer (PBL) generally refers to the bottom layer of atmosphere
which is very close to the ground and is greatly influenced by the ground. Its thickness
varies with weather conditions, terrain, roughness and biophysical properties of the ground,
and provides the energy required to initiate local convective processes, such as precipitation,
storms and circulation. Thus examining the relationship between PBLH and irrigation plays

an important role in exploring the effects of irrigation on local water-heat states and
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precipitation. The PBL height is lower over irrigated areas in a day (from 9:00 to 22:00
UTC time) based on the difference between IRR and CON simulations (Figure 3-7),
indicating that the air mass over the oasis tends to be more stable when irrigation happed

in the MODS.

45°N  46°N

44°N

46°N

45°N

44°N

46°N

45°N

44°N

84°E B85°E 86°E 87°E 88°E 84°E 85°E 86°E 87°E 88°E

Elevation(m) ] [T | [T

500 1000 2000 3000 4000
—— 3 m/s

Figure 3-8. Mean 10-m horizontal wind speed and wind direction from the (a, b)IRR and (c,
d)CON simulations, and the (e, f)differences between the IRR and CON simulations in daytime

and nighttime, respectively. The red line represents the border of the oasis.
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Figure 3-8 shows the diurnal mean WS and WD patterns from the IRR and CON
simulations, and the effects of drip irrigation on circulation. In the context of the prevailing
westerly wind, a wind direction of WNW with a wind speed of approximately 3 m/s occurs
during the daytime (Figure 3-8a,c), whereas a wind direction of SW with a wind speed of
approximately 4 m/s occurs at night (Figure 3-8b,d) covering the NTM, as observed from
both the IRR and CON simulations. The diurnal change in the wind direction from WNW
to SW in the IRR simulation demonstrates the typical characteristics of mountain-valley
winds in the MODS. The drip irrigation produced a weak divergent wind blowing from the
center of the oasis area to the surrounding desert with a speed of less than approximately
0.5 m/s at a height of 10 m (Figure 3-8c¢) in daytime, indicating drip irrigation increased the
intensity of OBC (Chu et al., 2005; X Deng et al., 2015; X Meng et al., 2012; X H Meng
et al., 2009). Almost no impacts of irrigation on circulation are observed at nighttime

(Figure 8d).

3.4.4  The effects of irrigation on precipitation and evapotranspiration

Local precipitation in this region is relevant to special geomorphology of mountain-basin
systems (Luo et al., 2011), and both IRR and CON simulations show similar precipitation
patterns in daytime and nighttime, that precipitation processes mainly concentrated on the
mountains areas with elevation value greater than 1000 m (Figure 3-9a, b, c, d). However,
total precipitation amount seems obviously increased in upwind mountains areas with
elevation value of approximately 1000-2000 m, and decreased at the mountain top with
elevation value greater than approximately 2000 m in daytime (Figure 3-9¢ and f).
Meanwhile, all grids averaged P in the domain are 3.75 mm and 2.48 mm in daytime and
nighttime, respectively, which implies that P might be overall increased due to irrigation.
The change of precipitation might be relevant to terrain and mountain-valley winds. The
airflow with increased moisture because of irrigation over oasis is brought to mountains
areas with elevation approximately 1000-2000 m by intense valley wind in daytime (Zhang
et al., 2017b), and forms precipitation due to adiabatic cooling and condensation in this
region. Meanwhile intense mountain wind bring increased moisture because of irrigation
over oasis to extend into the surrounding desert area at night, which may produce wet
conditions favorable for desert plants in the oasis-desert transition zone (Zhang et al.,

2017b).
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Figure 3-9.Spatial patterns of total precipitation amount (TP) from the (a, b) IRR and (c, d)CON

simulations in the irrigation season, and (e, f) TP difference between the IRR and CON

simulations. The red line represents the border of the oasis.

We examine the possible relationships of irrigation on precipitation and its change as shown

the scatter plot in Figure 3-10a and c, it is difficult to determine whether the irrigation has

effects on precipitation, at least over oasis (Observation sites are all located in oasis area).

However, irrigation has significant impacts on ET and its change. When irrigation rate is

greater than 2.5 mm/day, the ET increased 0.45 times more than the case with no irrigation,

while irrigation rate is less than 2.5 mm/day, the ET increased 1.59 times more.
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Figure 3-10. The scatter plot shows the correlation between the irrigation amount rate and (a)

precipitation (P), (b) added Evapotranspiration (ET), (c) P change, and (d) ET change.

3.5 Discussion

The aim of the study was to explore impacts of drip irrigation on energy balances,
temperature, precipitation and atmosphere structure in a mountain-oasis-desert system
using WRF with a new irrigation scheme, since accurate representation of heat-water
conditions of irrigated drop is a prerequisite to further study the climate effect of oasis
evolution on climate or on water resources (Zaitchik et al., 2005). The performance of the
Drip simulation yielded a reasonable representation for climate elements and irrigation
water amount estimates at the site level. Irrigation increases the LE of 80.81 W/m? and
decreases H 63.03 W/m? over oasis, thereby strengthening cold-wet island effects of oasis
and OBC in the irrigation season. However, some important findings in the results are

different from those of previous studies. Our modeling results show that the impacts of drip
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irrigation on temperature, H and LE were mainly restricted over oasis, but the impact on
humidity spread to across whole NTM. Moreover, irrigation increased precipitation amount
in upwind mountains areas with elevation value of approximately 1000-2000 m, and
decreased precipitation amount at the mountain top with elevation value greater than
approximately 2000 m. Meanwhile, an increase seems to observed in the basin at nighttime.
That the impacting range of irrigation on humidity and precipitation spread to non-
irrigation area might be relevant to mountain-valley winds. During daytime, since intense
lower level valley wind is blowing from wet-cold oasis to mountainous area and forms
precipitation at elevation of 1000-2000 m. During night, intense lower level cold-wet
mountain wind is blowing from mountainous, through oasis, even extend to part of desert
area, thus an increased precipitation in upwind mountainous area and increased humidity
spreading whole NTM were observed. These mechanisms might accelerate the

hydrological cycle in MODS .

The following uncertainties should be taken into consideration in interpretations of model
estimates. All crop were threated and irrigation field, as crops would not grow in the
absence of irrigation in the CA. This treatment may enlarge the irrigation area, as there may
be actually other land use/cover, such as bare land, within the cropland grids in the WRF’s
simulation. In addition, simulated ET and RH are overall underestimated, although we
greatly improved simulation of water-heat conditions of oasis by adding drip irrigation
schemes. These errors can be attributed to the fact that plastic mulching inhibits soil
evaporation (Xie et al., 2005), which is not considered in the simulations of WRF (Wen et
al., 2012; Meng et al., 2009). Adding plastic mulching process may help to correct these

CITOorS.

3.6 Conclusions

The aim of the present study is to explore impacts of drip irrigation on water-heat conditions
in a MODS using WRF with a new irrigation scheme. Model evaluations for temperature,
humidity, energy and irrigation amounts further reveal that our simulation with new
irrigation scheme realistically represented heat-water conditions of drip irrigated oasis.
Irrigation strengthens cold-wet island effects of oasis and the OBC in the irrigation season.
The impacts of drip irrigation on temperature, H and LE were mainly restricted over oasis,

but the impact on humidity spread to across whole NTM. Moreover, irrigation increased
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precipitation amount in upwind mountains areas with elevation of approximately 1000-
2000 m, and decreased precipitation amount at the mountain top with elevation greater than
approximately 2000 m. The increased precipitation in upwind mountainous and widely

spread humidity implied that irrigation might accelerate the hydrological cycle in MODS.

79



The impact of drip irrigation on the local climate

80



Chapter 4

CHAPTER
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OASIS EFFECTS IN MODS
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Xinxin.,De. Maeyer, Philippe.., Kurban, Alishir. (2016). Numerical Simulations of
the Impact of Mountain on Oasis Effects in Arid Central Asia. Atmosphere. 2017,

8, 212; doi:10.3390/atmos8110212.
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ABSTRACT

The oases in the mountain-basin systems of Central Asia are extremely fragile.
Investigating oasis effects and oasis-desert interactions is important for understanding the
ecological stability of oases. However, previous studies have been performed only in oasis-
desert environments and have not considered the impacts of mountains. In this study, oasis
effects were explored in the context of mountain effects in the north Tianshan Mountains
(NTM) using the Weather Research and Forecasting (WRF) model. Four numerical
simulations are performed. The ‘def’ simulation uses the default terrestrial datasets
provided by the WRF model. The ‘mod’ simulation uses actual terrestrial datasets from
satellite products. The ‘non-oasis’ simulation is a scenario simulation in which oasis areas
are replaced by desert conditions, while all other conditions are the same as the mod
simulation. Finally, the ‘non-mountain’ simulation is a scenario simulation in which the
elevation values of all grids are set to a constant value of 300 m, while all other conditions
are the same as in the mod simulation. The mod simulation agrees well with near-surface
measurements of temperature, relative humidity and latent heat flux. The Tianshan
Mountains exert a cooling and wetting effects in the NTM region. The oasis breeze
circulation (OBC) between oases and the deserts is counteracted by the stronger
background circulation. Thus, the self-supporting mechanism of oases originating from the
OBC plays a limited role in maintaining the ecological stability of oases in this mountain-
basin system. However, the mountain wind causes the “cold-wet’’ island effects of the
oases to extend into the oasis-desert transition zone at night, which is beneficial for plants

in the transition region.

Keywords: oasis effects; mountain-basin system; oasis breeze circulation; mountain-valley wind;

WREF; Central Asia arid area

4.1 Introduction

Oases are common in the deserts of arid areas (Souza et al., 2006; Smith et al., 2007; Soltan,
1999; Li et al., 2007), especially in the hinterland of arid Central Asia (CA). The formation
of an oasis in this region is closely related to the geomorphic characteristics of high
mountain-basin systems, because the melting of snow and glaciers and the precipitation in

tall mountain ranges provide necessary water resources for oasis survival and development
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in these mountain-basin systems (Luo et al., 2010). Accordingly, watersheds represent a
basic unit in this mountain-oasis-desert system (MODS). The North Tianshan Mountains
(NTM) is one of the typical geomorphic regions of CA and consists of a large number of
complex MODSs. Although oases account for only a small proportion of the land surface
(e.g., 4-5% in Xinjiang, a typical region in the hinterlands of Central Asia), more than 90%
of the local population and >95% of the socioeconomic wealth are concentrated in oases
(Meng et al., 2009). Thus, oases play a vital role in social and economic development. Since
the 1950s, the region has experienced distinct and intense land reclamation, characterized
mainly by oasis expansion. The total oasis area has expanded to 4.23 times its original value
(from 121.0 X 10* ha in 1949 to 512.5 x 10* ha in 2010). As a result, a series of
ecological problems have appeared due to the limited water and soil conditions (Hong et
al., 2003; Zhang et al., 2017b; Jia et al., 2004), such as desertification and soil salinization
(Sun et al., 2011; Wang et al., 2008). These problems have hindered the sustainable

development of the oases.

Oasis effects are thought to play an important role in maintaining the existence of oases
over time. In the recent literature, several studies based on both field observations and
numerical simulations have focused on the exchanges of water and energy between oases
and the surrounding deserts (Li et al., 2013; Li et al., 2016b; Ling et al., 2013; Wang et al.,
2016). The differences in the geographical and ecological characteristics between oasis
areas and desert areas result in significant differences in their energy budgets, create
exchanges of momentum and water vapor and affect the amounts of heat and moisture
released to the atmosphere within the convective boundary layer. During daytime, solar
radiation heats the desert surface and rapidly increases the near-surface temperatures over
desert areas. In contrast, the temperature over oases is lower due to the intense level of
evaporation occurring in oases (Li et al., 2016a). At the same time, the humidity over oases
is higher than that over the desert. The air density and pressure in the near-surface layer
over the desert are lower than over the oasis, thereby causing cold moist air to flow from
the oasis to the desert, resulting in a moisture inversion over the desert (Liu et al., 2007b).
At higher elevation, the hot dry air over the desert flows toward the oasis, resulting in the
oasis becoming a cold, wet island capped by warm, dry air. This phenomenon has been
observed to create a temperature inversion layer and negative sensible heat fluxes over

oases (Li et al., 2013; Su and Hu, 1987; Rosenberg, 1969; Wang et al., 1993) and is known
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as the “oasis effects” (Li et al., 2016a). The water and heat differences between the oasis
and the desert cause local atmospheric circulation patterns, called OBC. Recent numerical
simulations of OBC have been performed using regional climate models coupled to
sophisticated land surface schemes, such as the NCAR MMS5 or the WRF model (Chu et
al., 2005; Gao et al., 2004; Han et al., 2010; Liu et al., 2007b; Lv et al., 2005; Meng et al.,
2015; Meng et al., 2012; Meng et al., 2009; Nnamchi, 2011; Wen et al., 2012). These
studies have improved our understanding of the mechanisms and processes associated with
the oasis-desert interactions. The conception of the “self-supporting mechanism of oasis”
has been proposed based on OBC. Specifically, the downdrafts over an oasis decrease
evaporation within the oasis, whereas the updrafts over the desert areas adjacent to the oasis
act as a wall that hinders the transfer of cold, wet air to the dry surrounding desert (Wen et
al.,2012; Lietal., 2016a). Thus, the OBC helps to maintain the ecological stability of oases
by reducing the exchanges of heat and moisture between oases and the surrounding desert

areas.

However, an oasis cannot survive without a supply of water from the nearby large
mountains in a MODS. Therefore, studies should explore the oasis effects, i.e., the oasis-
desert interactions, under the impacts of these surrounding mountains rather than focusing
only on the oasis and desert areas (Chu et al., 2005; Gao et al., 2004; Han et al., 2010; Liu
et al., 2007b; Lv et al., 2005; Meng et al., 2015; Meng et al., 2012; Meng et al., 2009;
Nnamchi, 2011; Wen et al., 2012). Failing to consider the impacts of the mountains may
result in an incorrect or incomplete understanding of the oasis-desert interactions within a
MODS. For example, what are the spatial patterns of water and heat throughout MODS?
Do intense mountain-valley winds occur within current MODSs (Zardi and Whiteman,
2013; Helgason and Pomeroy, 2012)? Finally, how does the mountain-valley wind, if
present, impact the oasis effects and OBC? The answers to these questions are not clear
and deserve additional and comprehensive investigation. Since, once OBC ceases to
operate within a MODS, the self-supporting mechanism of oasis originated from OBC will
disappear and the water vapor over the oasis may flow into the surrounding deserts.
Consequently, the oasis will become drier and drier, perhaps resulting in a vicious cycle of
water deficiency and desertification (Meng et al., 2009). Accordingly, answering the above
questions is essential, both theoretically and practically, to the sustainable development and

ecological stability of oases and will provide useful information for further investigating
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the impact of oasis expansion on regional climate changes (Yan et al., 2014) under global

warming.

The WRF model coupled to the sophisticated land surface scheme Noah has been used to
simulate regional climates over the past 10 years (Branch et al., 2014; Cao et al., 2015).
The WRF model is sensitive to land surface properties (Lenderink et al., 2007; Vidale et
al., 2007), especially primary parameters such as land use/cover (LU) and secondary
parameters such as the green vegetation fraction (GVF), the leaf area index (LAI) and
albedo, which can be determined from the LU. However, the default values of these
parameters are usually from the outdated 1992-1993 Advanced Very High Resolution
Radiometer (AVHRR) dataset. Realistic representation of these land surface properties is
necessary to improve WRF-based simulations over complex areas, such as MODSs (Miiller
et al., 2014). In this study, actual LU, albedo, LAI and GVF data from the MODerate

Resolution Imaging Spectroradiometer (MODIS) products are used.

Our ultimate goals in this paper are to realistically depict the temperature, humidity and
circulation patterns of a complex MODS and to describe the impacts of mountain on oasis
effects within MODS in Central Asia using the WRF model. The paper is structured as
follows. Section 2 presents a description of the study area, the datasets used in this work,
the WRF model and the design of the experiments performed here. Section 3 presents the
results of the simulations. Section 4 offers a discussion and identifies avenues for future

investigation. The final section summarizes the findings of this study.

4.2 Study area

The information of NTM has been introduced in the section 1.2 and the oasis expanasion
situation has also been introduced in the section 1.1.1. Detailed three-nested domain

information can be seen in section 1.3.2.

4.3 Datasets

4.3.1. Forcing Data and In Situ Measurements

The detailed elements and information of ERA-Interim are seen in section 1.4.1. We select
hourly observation in 2012 at meteorological stations S1, S2, S3, and S4 to validate
simulation results (Table 1-4), because the four stations are distributed in irrigated oasis

areas in the D03. Hourly climate elements were retrieved to validate the simulation results.
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4.3.2. Actual Land Surface Parameters

In this study, we converted an actual LU dataset with a hierarchical classification system
(Table S1) into the USGS classification system used in the WRF model (Zhang et al.,
2017a), based on the corresponding relations shown in Table S2. The default albedo, LAI
and GVF provided by the WRF model have been replaced with the actual MODIS products
MCD43A4, MYDI15A2 and a GVF dataset computed from MOD13A2 (Yin et al., 2016;
Miller et al., 2006; Seungbum et al., 2009), respectively. These products were downloaded
from https://modis.gsfc.nasa.gov/data and correspond to 3 July 2012 and the strip numbers
h23v04 and h24v04. We reprocessed these products using the same coordinate systems and

resolutions as in the numerical simulations.

4.4 Methodology

4.4.1. Model Description and Configuration

The detailed WRF configuration has been introduced in section 1.3.2. The simulation
results from domain D02 are stored hourly and provide hourly lateral boundary conditions

for DO3.

4.4.2. Experimental Design

Four simulations were conducted as follows. (i) The def simulation uses the default LU,
GVF, LAI, albedo datasets provided by the WRF model and without drip irrigation process;
(i1) In the mod simulation, the default LU, albedo, LAI and GVF datasets are updated using
the MODIS products mentioned in Section 2.3.2 and with adding drip irrigation process.
(i11) The non-oasis simulation is a sensitivity simulation in which the oasis areas are
replaced with desert conditions and the other conditions are the same as in the mod
simulation. (iv) Finally, the reference non-mountain simulation involves setting the
elevation value of the grid cells to a constant value of 300 m, while the other conditions are
the same as in the mod simulation. The differences between the ‘def” simulation and the
‘mod’ simulation are used to examine the performance of the WRF model using actual
biophysical parameters and drip irrigation process. The differences between the mod
simulation and the non-oasis simulation and the differences between the mod simulation

and the non-mountain simulation were used to quantitatively investigate the effects of oases
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and mountains, respectively, on temperature, humidity and circulation features within the

complete MODS.

All of the experimental simulations are initialized during the period of the most vigorous
vegetation growth and extend from 00:00 UTC on 1 July 2012, to 18:00 UTC on 31 July
2012. In this study, the soil moisture values of the oasis and desert areas are initialized via
interpolation from observed soil moistures data from similar oasis and desert regions
referenced in a previous paper (Wen et al., 2012) (Table 1-3. Four layer of soil moisture values

for oases and desert areas in the NOAH (Wen et al., 2012)

Land Use Type Noah Soil Layer Soil Moisture (¢cm3 cm—3)

0-10 cm 0.38 (at 5 cm)

10-40 cm 0.47 (at 25 cm)
Oasis

40-100 cm 0.33 (at 70 cm)

100200 cm 0.26 (at 150 cm)

0-10 cm 0.07 (at 5 cm)

10-40 cm 0.10 (at 25 cm)
Desert

40-100 cm 0.05 (at 70 cm)

100200 cm 0.06 (at 150 cm

The ERA-Interim reanalysis data provides the initial and lateral boundary conditions for
simulations at 6-h intervals (detailed can be seen in section 1.3.1). The simulation results
from domain D02 are stored and provide hourly lateral boundary conditions for D03. All
domains ran with 35 unevenly spaced full eta levels with 15 levels below the height of 5
km from the ground surface. The model top was fixed at 50 hPa. The different
parameterizations of the physical atmospheric schemes have been performed previously in
the study region by Qiu et al. (Qiu et al., 2017). We referenced the best one of WRF
configurations (of physical schemes) shown in Table 1-2. The initial soil moisture and the
soil boundary temperatures are derived from the forcing data; however, the soil moisture
levels of the oases and desert areas are adjusted using observations (Error! Not a valid

bookmark self-reference.).

). In addition, also following similar previous simulations of mesoscale water, surface
energy and circulation processes (Chu et al., 2005; Meng et al., 2012; Meng et al., 2009),

the first 15 days of the simulations are skipped as spin-up to enable the soil moisture of the
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other land use types in the MODS to reach relative equilibrium. The simulation results
covering the periods from 19:00 UTC on 15 July 2012, to 18:00 UTC on 20 July 2012 (i.e.
from 00:00 Beijing time on 16 July to 23:00 Beijing time on 20 July), are used for analysis.
This 5-day period is characterized by anticyclonic and clear-sky conditions; thus, the
effects of cloud distribution are excluded from the results (not shown). All of the spatial
patterns of temperature, humidity and circulation during the daytime and nighttime

represent the average of the simulation results over these 5 days.

4.5 Results

4.5.1 Simulation Evaluation

Figure 4-1 shows a comparative analysis of the observed and simulated 2-m air temperature
(T2), 2-m relative humidity (RH) and latent heat flux (LE) over the oasis surface. The ‘mod’
simulation is closer to the observations than the ‘def” simulation. The LE computed from
the ‘mod’ simulation over the oasis surface provides a much better representation of the

peak values and correctly reproduces the overall shape of the observed value.

The mean LE value at the daily maximum from the mod simulation is approximately 400
W/m?, which is two times greater than that of the def simulation (Figure 4-1c). The mod
LE values are closer to the observations and the mean bias (modeled values minus
observations) is up to 40.6 W/m? smaller than those of the def simulation over the whole

period (not shown).
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Figure 4-1. Comparisons of the observed and simulated (a) 2-m air temperature (T2), (b) 2-
m relative humidity (RH) and (c) latent heat flux (LE) at the four stations (S1, S2, S3 and S4)
during 16 July to 20 July.
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Figure 4-2 compares the mean bias error (MBE), root mean square error (RMSE) and the
Pearson correlation coefficient (r) computed from the mod and def simulations for T2 and
RH. For the four sites, the ‘mod’ simulation is clearly closer to the observed values and is
associated with significant reductions in the MBE and the RMSE (the p-value is less than
0.01) and a significant increase in the Pearson correlation coefficient (the p-value is less
than 0.01). The performance of the WRF model in the mod simulation shows considerable
improvements due to the updates of the LC, albedo, LAI and GVF datasets. In fact, the bias
in T2 is corrected to approximately 0.3-2.4 °C and that of RH is corrected to 1.9-12.9% in

the mod simulation.
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Figure 4-2. The mean bias error (MBE), root mean squared error (RMSE) and Pearson
correlation coefficient (r) between the simulated and observed (a) air temperature and (b)

relative humidity at 2 m at the four stations (S1, S2, S3 and S4).

Note that the reductions in the biases associated with T2, RH and LE are larger at stations
S2 and S4 than at the other two locations shown in Figure 4-1. This pattern occurs because
the actual LAI and GVF values at S2 and S4 improved to a much greater degree than those
at the other two sites. Specifically, the LAI values at S2 and S4 changed from 1.08 and 0.52
to 4.8 and 3.0, respectively and the GVF values at S2 and S4 changed from 36.6% and 13.5%
to 84.7% and 82.15%, respectively (Figure 4-2g,h). The LU types at S2 and S4 are
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homogenous cropland but those at S1 and S3 include cropland combined with urban areas
(S1) or desert areas (S3), respectively. As a result, more consistent trends and similar
magnitudes of T2, RH and LE are observed at the four stations in the mod simulation than
in the def simulation, as shown in Figure 4-1. This validation indicates that the simulated
temperature, humidity and latent heat flux trends obtained from the mod simulation are
consistent with the observations and realistically represent the water and heat conditions of
the oasis surface.
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Figure 4-3. Comparison between the observed and simulated (a) wind speed (WS) and (b) wind
direction (WD) from the mod and def simulations at the four stations (S1, S2, S3 and S4) during

16 July to 20 July.

A comparison of observed and simulated 10-m horizontal wind at the four meteorological
stations, as represented by the mod and def simulations, is shown in Figure 4-3. Stations
S1 and S2 are located in the upper part of oasis near its southern border and stations S3 and
S4 are located in the lower part of the oasis near its northern border. Most of the simulated
WS values are slightly higher than the observed values; 60 percent of the simulated WS
values lie within a range of 2—5 m/s, whereas the observed values range from 2—4 m/s. The

reason for this bias in WS is that the uncertainty of randomized turbulence processes
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hinders the accurate simulation of wind (Hanna and Yang, 2001). However, the trend in
WD agrees well with the observations. The observed dominant WD is WNW or NW during
daytime and WSW or SW at night for all four stations. The simulated WD and its diurnal
changes are consistent with the observations. This validation demonstrates that the
simulated WD agrees well with the observation and represents the circulation

characteristics of the mountain-valley wind in the study area.

4.5.2  The spatial patterns of temperature of MODS

o
1y
[T}
<

45°

ih
<
<
°
=
o a
Z
o
Q T T T T 1 T T T T 2
85° 85.5° 86° 86.5° 87~ 85° 85.5° 86° 86.5° 87¢ 85° 85.5° 86° 86.5° 87~ 85° 85.5° 86° 86.5° 87°
| 3 I | T2(°C) I T2_dif(°C)
- -3.5 1.5 6.5 11.5 16.5 21.5 26.5 31.5 -37 -32 -27 -22 -17 -12 -7 -2
n
s ®
° '3
n 5 o
Lr .
in
< -
<
L8 . - 1
Z
& Ll - . o ]
Q T T T T 1 T T T T T T T T T T T T
85° 85.5° 86° 86.5° 87~ 85° 85.5° 86° 86.5° 87  85° 85.5° 86° 86.5° 87~ 85° 85.5° 86° 86.5° 87°
[ 3 N T2(°C) L T2_dif(°C)
-3.5 1.5 6.5 11.5 16.5 21.5 26.5 31.5 -6 -5 -4 -3 -2 -1 0

Figure 4-4. Mean 2-m air temperatures (T2) from the (a,b) mod simulation and (c,d) the non-
oasis simulation; (e,f) and the differences between the mod simulation and non-mountain
simulation; and (g,h) the differences between the mod simulation and the non-oasis simulation
during daytime and nighttime, respectively. The black dotted line represents the border of the
oasis and the white dotted line (a) represents the location of the vertical section (longitude 85.7°

E) represented in Figure 4-6.

The 2-m air temperatures from both the mod and non-oasis simulations generally exhibit
continuous stripe-like increases from the mountainous areas to the oasis areas and to the
desert areas (Figure 4-4a—d). This pattern indicates that the spatial temperature pattern seen
in the MODS reflects the TLR due to the elevation gradient difference within the MODS.
An obvious temperature gradient line is observed along the northern boundary of the oasis

in the mod simulation (Figure 4-4a,b) but not in the non-oasis simulation (Figure 4-4c,d),
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indicating that the water and heat differences between the oasis and desert areas obviously

disturb the stripe-like increases in temperature in the MODS.

The mean near-surface air temperatures over the oasis area are 30.44 °C and 23.36 °C
during the daytime and nighttime, respectively (Table 4-1). In contrast, the near-surface air
temperatures over the desert are approximately 32.5 °C and 28.0 °C, respectively (Figure
4-4a,b). The differences in the near-surface air temperatures between the oasis and desert
areas indeed indicate that the oasis areas represent a “cold island” compared to the
surrounding desert during daytime and nighttime. The intensity of this “cold island”
resulting from the oasis cooling effect is as large as —0.61 °C in daytime and as large as
—3.37 °C at night, as computed using the mean oasis temperature difference between the
mod simulation and non-oasis simulation (these differences are statistically significant at p
<0.01, Table 3). During the daytime, because the soil moisture and thermal capacity values
are higher in the oasis areas than the desert areas, more energy is required to increase the
temperatures over the oasis areas and evapotranspiration takes place in the oasis, causing
cooling (Wen et al., 2012) (as can be seen in Figure S5a,c). The possible reasons for the
more intense cooling effect of the oasis at night include evaporation from the surface soil
(Figure S4f) and the TLR; the slightly higher elevation of the oasis areas (Figure 4-4e,f)
enhances the intensity of this “cold island” effect. Note that the near-surface temperature
patterns from the non-mountain simulation (Figure Sla,b) and the difference patterns
between the mod simulation and the non-mountain simulation (Figure 4-4e.f) are also
consistent with circulation patterns, illustrating that the water and heat patterns in the study

area are controlled by larger-scale circulation in the absence of high-relief terrain.

The continuous stripe-like temperature patterns and the oasis cooling effect are further
illustrated by the vertical section of temperature patterns from the mod and non-oasis
simulations and the temperature differences between the mod and the non-oasis simulations
and between the mod and non-mountain simulations (Figure 4-5). In the daytime, the air
temperatures in the oasis area in the mod simulation are clearly lower than those over the
northern desert area and the southern mountainous area at the same altitude of
approximately 1500 m and this temperature pattern forms a concave-shaped vertical
temperature pattern in the MODS (Figure 4-5a). At night, a clearly defined temperature
inversion layer (TIL) is observed near the surface over the oasis area. Its thickness varies

from 200 m in the southern part of the oasis with an elevation of 450 m to 600 m in the
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northern part with an elevation of 300 m (Figure 4-5b). However, the concave-shaped
vertical temperature pattern observed during the daytime and the TIL that developed during
the nighttime are not observed in the non-oasis simulation (Figure 4-5c,d), indicating the
concave low-temperature center and the TIL over the oasis areas result from the oasis
cooling effect. Based on the differences between the mod and non-oasis simulations, the
“cold island” effect of the oasis extends to a height of approximately 1.5 km above the oasis
surface, as shown by the n-shaped cooling center (Figure 4-5d,g). Moreover, the cooling
effect of the oasis extends horizontally into the desert-oasis transition areas to a distance of
approximately 25 km (Figure 4-5h and Figure 4-6h) at night due to the mountain-wind. In
addition, the existence of high-relief terrain (mountains) decreases the whole temperature
over the basin during the daytime and the nighttime, based on the differences between the

non-oasis and non-mountain simulations (Figure 4-4 and Figure 4-5e,f).
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Figure 4-5. The same as Figure 4-5 but showing for a vertical cross section of air temperature

along the white line shown in Figure 4-5a.

4.5.3  The spatial patterns of humidity of MODS

The mean near-surface specific humidity (Q2) values over the oasis in the mod simulation
are 9.99 g kg ! and 10.05 g kg ! during the daytime and nighttime, respectively (Table 3).

In contrast, values of approximately 8.4 g kg ! (Figure 4-6a) and 9.9 g kg ! (Figure 4-6b)
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occur at almost the same elevation in the surrounding desert areas, respectively. The oasis
indeed represents a “wet island” compared with the surrounding desert at almost the same
elevation but the mechanism underlying the “wet island” effect differs between daytime

and nighttime.
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Figure 4-6. The same as Figure 6 but for surface specific humidity Q2 (g kg™).

A clearly defined humidity gradient line along the northern boundary of the oasis during
the daytime is observed in the mod simulation (Figure 4-6a) but the gradient line is not
observed at night in the mod simulation (Figure 4-6b) or in the non-oasis simulation (Figure
4-6¢,d). The patterns of differences between the mod and the non-oasis simulations show
that there is indeed a remarkable difference in specific humidity over the oasis areas during
the daytime, whereas a slight difference occurs along the northern oasis boundary and in
the desert area at night (Figure 4-6g,h). Based on Student’s t-test, the mean humidity
difference over the oasis between the mod simulation and the non-oasis simulation is
extremely statistically significant (the p-value is far less than 0.01) during the daytime but
statistically insignificant (the p-value is 0.075) at night (Table 4-1). This result indicates
that the “wet island” results from the wetting effect of the oasis during the daytime but the
cause during the nighttime is uncertain. The mean intensity of this “wet island” resulting
from the oasis wetting effect is 1.56 g kg ! during the daytime (Table 4-1). In addition,

nighttime moisture differences between the mod and the non-oasis simulations are mainly
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located along the northern boundary of the oasis area, rather than over the oasis itself
(Figure 4-6). This result appears to be consistent with the circulation patterns, suggesting
that the wetting effect of the oasis might be present at night but that the spatial extent of the
wetting effect changes due to the mountain wind. Moreover, the surface specific humidity
patterns from the non-mountain simulation and the differences between the mod and the
non-mountain simulations (Figure 4-6e,f) are also consistent with the circulation patterns.
Thus, the water and heat patterns in the study area would be controlled by larger-scale

circulation patterns and the climate background in the absence of high-relief terrain.

Table 4-1. Statistical significance of the differences in temperature and humidity between the

mod and non-oasis simulations, as assessed using the Student’s t-test

Temperature (°C)  Specific Humidity (g kg™)

Time Periods Statistics

mod non-0asis mod Nnon-0asis

Mean 3044 31.05 9.99 8.43

Day Variance 1.67 1.69 0.78 0.38
p-value 3.16¥1019<< 0.01 * 1.64*10'13 << 0.01 *

Mean 23.36  26.73 10.05 9.97

Night Variance 1.77 1.50 0.38 0.47

p-value  8.47*107'% << 0.01 * 0.075>0.05

* Indicates that the difference between the mod and the non-oasis simulations is extremely significant.

Figure 4-7 shows the vertical section of humidity patterns from the mod and non-oasis
simulations, as well as the differences between the mod and non-oasis simulations and
between the mod and non-mountain simulations. The specific humidity in the mountainous
area at an equivalent altitude of 1 km during the daytime and nighttime is higher than that
over the basin area at the same elevation of 1 km in the non-oasis simulation (Figure 4-7¢,d).
This higher specific humidity in the mountainous areas may be due to the wetting effect of
daytime evaporation from forest and grassland and the radiative cooling of mountainous
areas decreases the saturated vapor pressure, leading to a higher specific humidity
(Whiteman, 2000) during nighttime. The differences between the mod and non-oasis
simulations (Figure 4-8g,h) and between the mod and non-mountain simulations (Figure
4-Te,f) provide further confirmation of the wetting effects of oases and mountains based on
the decrease in the cooling gradient from the oasis surface over a distance of approximately
1 km (Figure 4-7g,h) and from the mountainous areas to their surroundings (Figure 4-7¢,f).
Moreover, the wetting effect of the oasis areas at night extends horizontally into the desert

areas to a distance of approximately 25 km (Figure 4-7h and Figure 4-8h). This horizontal
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extension results primarily from the ground-hugging nighttime mountain wind, since the

extension is consistent with the direction of the mountain wind (Figure 4-8b,d).
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Figure 4-7. Same as Figure 6 but for the vertical section of specific humidity Q (g kg—1) along

the white line (longitude 85.7 ° E) shown in Figure 6a.

4.5.4  The spatial patterns of the 10-m horizontal circulation of MODS

Figure 4-8 shows the diurnal mean WS and WD patterns from the mod, non-oasis and non-
mountain simulations, as well as the differences between the mod and non-oasis
simulations. In the context of the prevailing westerly wind, mountain-valley wind are
clearly observed (Figure 4-8a,c and b,d) in both the mod and non-oasis simulations
covering the MODS. An intense southwesterly wind with a wind speed exceeding 7 m/s is
observed during both daytime and nighttime in the non-mountain simulation (Figure 4-8e,f)
and the intense southwesterly wind represents a combination of the prevailing westerly
wind and the summer subtropical jet stream resulting from the Southwest Asian low-
pressure system over northeastern India (Bothe et al., 2012; Zhiping, 2015). However, the
intense southwesterly wind is blocked in the mod and non-oasis simulations. Therefore, the

diurnal change in the wind direction from WNW to SW in the mod and non-oasis
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simulations is produced by the high-relief terrain, further demonstrating the existence of

mountain-valley winds in the MODS.
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Figure 4-8. The mean diurnal WS and WD patterns (mean wind speed and direction at a height
of 10 m during the daytime and nighttime) in the mod, non-oasis and non-mountain simulations
and the differences between the mod and non-oasis simulations. (a) Daytime WS and WD from
the mod simulation; (b) nighttime WS and WD from the mod simulation; (c) daytime WS and

WD from the non-oasis simulation; (d) nighttime WS and WD from the non-oasis simulation; (e)
daytime WS and WD from the non-mountain simulation; (f) nighttime WS and WD from the
non-mountain simulation; (g) daytime WS and WD difference between the mod and non-oasis
simulations; (h) nighttime WS and WD difference between the mod and non-oasis simulations.

The red line represents the border of the oasis.

The difference between the mod simulation and the non-oasis simulation is characterized
by an obvious divergent wind blowing from the center of the oasis area to the surrounding
desert with a speed of less than approximately 1.5 m/s at a height of 10 m height (Figure 4-
8g,h). This divergent wind is oriented in the opposite direction of the combination of the
mountain-valley wind and the prevailing westerly wind. However, no obvious downdrafts
or updrafts occur over the oasis or deserts based on the vertical component difference

between the mod and non-oasis simulations (Figure 4-9). This divergence indicates that
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OBC may indeed exist between the oasis and desert areas and the possible OBC is
counteracted by the stronger background circulation produced by the combination of the

mountain-valley wind and the prevailing westerly wind.
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Figure 4-9. The W component difference between the mod simulation and non-oasis simulation

during daytime and nighttime.

4.6 Comparison with previous studies and an assessment of model uncertainties

In this study, the effects of oases on temperature, humidity and regional circulation patterns
within an typical MODS in the NTM were investigated using the WRF model with actual
terrestrial datasets. The mod simulation provides a significantly better representation of
diurnal temperature and humidity due to use of updated terrestrial datasets and better

reflects the exchanges of water and heat in the MODS.

The differences between the mod and non-oasis simulations confirm the typical “cold
island” effect and “wet island” effect of an oasis during the day. Thus, a TIL develops over
the oasis areas at night from the mod simulation. The oasis cooling-wetting effect reaches
a vertical height of approximately 1.5 km above the oasis surface and this result is similar
to findings reported in previous investigations (Chu et al., 2005; Liu et al., 2007b; Liu et
al., 2007a; Lv et al., 2005; Meng et al., 2012; Meng et al., 2009; Nnamchi, 2011; Wen et
al., 2012). However, our study also contributes certain new findings. The Tianshan
Mountains act as the background of the oasis-desert interaction and exert a cooling and

wetting effect on the entire MODS in the NTM region. Moreover, the horizontal range of
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the oasis wetting effect appears to extend into the desert areas, rather than being restricted
over the oasis areas, due to the presence of the mountain wind at night. This horizontal
extension may produce favorable conditions for desert plants in the oasis-desert transition

zone.

In previous studies, researchers proposed the concept that oases have a self-supporting
mechanism originating from OBC. They argued that the OBC between an oasis and the
surrounding desert helps maintain the ecological stability of the oasis by reducing heat and
moisture exchange (Chu et al., 2005; Lv et al., 2005; Meng et al., 2012; Wen et al., 2012).
The results from the mod simulation and the differences between the mod and non-oasis
simulations show that the water and heat differences between the oasis and surrounding
desert do produce OBC. However, the OBC is not observed in the actual weather or climate
conditions (the mod simulation in this study), because it is counteracted by the stronger
background circulation that results from a combination of mountain-valley wind and the
prevailing westerly wind in the MODS. Therefore, the effects of OBC on the ecological
stability of oasis systems within an MODS may have been overestimated by previous
studies. Consequently, studies related to oasis effects should consider the regional context
of the MODS, if the oasis is located in a large mountain-basin system. Such investigations
will help provide a better understanding of the ecological and climatic effects of oasis
systems, but also may result in the identification of new features of such systems. In
addition, this study represents necessary preliminary work for further investigating the
contributions of oasis expansion to historical and future climate changes at local or regional
scales. Whether and how the typical wetting and cooling effects of oases impact local or
regional climate change will be further investigated in the next stage of this work, which

will include long-period simulations.

4.7 Conclusions

In this study, the effects of oasis areas were investigated within a complete MODS located
in the NTM using the WRF model. Studies of oasis effects should consider the entire
MODS, which will help to fully understand the ecological and climatic effects of oasis
systems. The typical “cold-wet” island effects of the oasis, nighttime TIL over oasis areas
and OBC are fully described within the context of the MODS in this study through the use

of the WRF model with actual terrestrial datasets. The Tianshan Mountains exert a cooling
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and wetting effects on the whole MODS in the NTM region. The mountain wind causes the
“cold-wet” island effects of the oasis to extend into the surrounding desert area at night,
which may produce conditions favorable for desert plants in the oasis-desert transition zone.
However, the OBC was counteracted by stronger background winds resulting from a
combination of the prevailing westerly winds and the mountain-valley wind in the MODS.
The proposed “self-supporting mechanism of the oasis” associated with the OBC cannot

play a significant role in maintaining the stability of the oasis in this MODS.
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CHAPTER

GENERAL DISCUSSION

This chapter presents an overview of the research objectives and reviews the main
answers to the research questions (Section 5.1). Then, critical reflections on the
methodologies are summarized, including how to answer the research questions in a

more effective way (Section 5.2). Eventually, recommendations for future work are

proposed (Section 5.3).
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5.1 Summary and discussion of research questions

Exploring the local climate of a complex MODS and the impact of mountain on oasis
effects and interaction between each subystem of the MODS in NTM can provide the
scientific support to oasis water resources management, and is essential to the sustainable
development and ecological stability of oases from a comprehensive perspective. Because
each subsystem in complex MODS is highly differentiated in space, but are functionally
coupled due to sharing of limited water resources. Moreover, it provides useful information
for further investigation of the impact of LUCC on regional climate changes under global
warming in the CA. From the general goal, this study firstly makes WRF localized in NTM.

During this process, four research questions were distilled.

RQ1: What are the responses of the WRF performance to various actual terrestrial

parameters derived from satellite products ?

RQ2: How does the WRF coupled with a newly developed drip irrigation process

perform in simulating the water-heat conditions of irrigated oasis?
RQ3: What are the effects of drip irrigation on atmosphere structure of MODS?

RQ4: What are the impacts of large mountains on irrigated oasis-desert interaction in a

typical mountain-oasis-desert ecosystem?

The four research questions were rephrased and answered in Chapters 2-4. An overview of
the research objectives, methods used and findings are given in Table 5-1. This table aids
in understanding the links between the research objectives and the research questions, and

how they are presented in each chapter.

104



Chapter 5

Table 5-1 Overview of the contents of this dissertation

Chapter RQ | Objectives Main findings
Chapter 2: The RQl | o Investigate the performances | ¢  In general, WRF with actual LU, albedo, LAL and GVF data derived from satellite products to
response of WRF of the WRF in simulaiting improve the simulation of weather and climate conditions of MODS;
EALC L water-heat patterns of MODS; | ¢  Using actual VF data results in error correction values of 62%, 87% and 92%, respectively, for
terrestrial datasets. e  Examine the impact of using simulated 2-m temperature, relative humidity and latent heat flux;
actual LU, albedo, LAI, and e  Using actual LU data is crucial for near-surface water and heat simulation, since it determines the
GVF data on the model values of additional secondary parameters.
performance
Chapter 3: The RQ2 e To develop a drip irrigation e Our simulation with new irrigation scheme realistically represented heat-water conditions of drip
impacts of drip and scheme suitable for NTM irrigated oasis based on validation of temperature, humidity, energy and irrigation amounts ;
irrigation (?n RQ3 land management. e  [rrigation strengthens cold-wet island effects of oasis and the OBC in the irrigation season;
::rmuzzll)r};e;:d local e  Exploring irrigation’s effects | @  The impacts of drip irrigation on temperature, sensible heat and latent heat flux were mainly
climate. on water-heat patterns of restricted over oasis, but the impact on humidity and precipitation spread to across whole NTM;
complex MODS; e  The irrigation might accelerate the hydrological cycle in MODS.
Chapter 4: The RQ4 | o« To simulate the water-heat e The typical “cold-wet” island effects of the oasis, nighttime temperature inversion layer over oasis

water-heat
patterns and oasis
effects in typical
mountain-oasis-

desert system

patterns and local climate of
MODS;
To simulate the impact of

mountain on oasis effects in a

areas and oasis breeze circulation (OBC) are confirmed;
The Tianshan Mountains exert a cooling and wetting effects on the whole MODS;
The mountain wind causes the “cold-wet” island effects of the oasis to extend into the surrounding

desert area at night, favorable for desert plants in the oasis-desert transition zone;

MODS; e  The OBC was counteracted by stronger background winds, and the self-supporting mechanism of
e  To analyze the interaction of the oasis associated with the OBC cannot play a significant role in maintaining the stability of the
each subsystem of MODS. oasis in this MODS.
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RQ1: What are the responses of the WRF performance to various actual terrestrial

parameters derived from satellite products ?

In chapter 2, we used the WRF model with observed estimates of LU, albedo, LAI, and
GVF datasets from satellite products to examine which terrestrial datasets have a great
impact on simulating water and heat conditions over heterogeneous oasis-desert systems in

the NTM.

We firstly compared the differences between the actual LU, albedo, LAI, and GVF data
and the corresponding default datasets one by one in the NTM. Both the defaults and the
actual satellite images showed significant differences, especially in oasis and desert areas,
that were strongly impacted by human activities. Large areas of cropland and barren desert
in oases and north-eastern desert areas are apparent in the actual LU data, while the default
data show grassland and shrubland in these oases and desert areas; the default LU data
shows a large area of forest in the Ili River basin, and did not indicate ice type, which are
are misclassified. The actual albedo level is overall higher than the default data, ranging
from 0.05-0.25; The albedo over crops in the actual image is higher than over the
surrounding northern desert area, but this is not the case for the default data, the reason is
that oasis salinization and larger areas with plastic mulching could increase the actual
albedo levels. The differences between actual LAI and GVF data and the corresponding
default data range from O to 3 and from 0 to 85%, respectively. Major differences are
evident across the basin, especially near the Ili River basin and the northern oasis border.
The differences between the actual and default terrestrial datasets confirm that the default
datasets are outdated and less representative of current land surface situations of MODS in

the NTM

We then examined the impact of using actual LU, albedo, LAI, and GVF data from satellite
products in WRF on the model performance. Results show that WRF simulations of
temperature, humidity, energy, and wind are improved step-by-step by the incorporation of
actual LU, albedo, LAI, and GVF into the model, as evidenced by the decrease in RMSE
values and increase in R? in both years of 2010 and 2012. The bias of T2 was corrected by
up to 2.25 °C, that of RH was corrected by up to 8.85%, and that of LE was corrected by
up to 34.12 W/m? at the site level in total. Using actual GVF data greatly affects the
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simulation of T2, RH, and LE in the oasis-desert system, contributing to error correction
values of 62%, 87% and 92%, respectively. LU data is a primary parameter and it
determines the values of many secondary parameters. Although all of the simulations
conducted in this study produce the characteristic of the “wet-cold” island effect over the
oasis area, WRF can more accurately reflect the intensity of the oasis cold—wet effects when
using all actual LU, albedo, LAI, and GVF data. The results of this study contribute to a
greater knowledge of the impacts of land surface parameters on the performance of WRF
(Wen et al., 2012), which is beneficial for various applications, especially for land surface

and climate modelling.

RQ2: How does the WRF coupled with a newly developed drip irrigation process

perform in simulating the water-heat conditions of irrigated oasis?

The premise of studying historic contribution of irrigation and oasis evolution on regional
climate change is to realistically simulate heat and water conditions of such drip-irrigated
oases. However, there were no irrigation schemes implemented in the accompanying
NOAH in official releases of WRF (Chen and Dudhia, 2001b; Chen and Dudhia, 2001a),
also in most of other RCMs. Because an oasis cannot survive without irrigation in NTM,
and drip irrigation under plastic film since 1995 have been an effective method to conserve
limited water resources in this region (Fan et al., 2013), using which crop in NTM was
irrigated by dripping water into root and most of crops were under plastic film. Irrigation
in this region usually occurs when the soil moisture drops to a low level that threatens crop
growth, especially as irrigation is largely constrained by the shortage of water resources in

NTM oases area.

In chapter 3, we developed an new drip irrigation scheme with assumption that irrigated
crops always have enough moisture to transpire without being stressed but no excess water
is added, and that very little moisture reached 25 cm away from the drip radially on the
basis of detailed field experiment (Fernandez et al., 2006). That means there is always
enough water available for the vegetation to transpire without water limited, even though

the mean grid cell soil moisture may continue to decrease.

Then we coupled the scheme into WRF, and compare simulated near-surface temperature,

humidity, ET, energy and irrigation amount with the observations. Results show the bias
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of simulated temperature was corrected by up to 0.35 °C in each hour, that of relative
humidity was corrected by up to 2.84% in each hour, and that of evapotranspiration was
corrected by up to 0.61 mm/day when using WRF with new developed scheme. Moreover,
our modified WRF shows that the annual irrigation amount is 475.67 mm, which is
comparable to the climatological irrigation consumption of 477 mm estimated from ground
measurements (Ma et al., 2015) and the irrigation quota of approximately 397.5-487.14
mm (Zhou et al., 2013). Our modified model performance evaluation yielded a reasonable
representation for climate elements and irrigation water amount estimates at the site level.
Added drip irrigation scheme improves performance of the WRF in simulating water and

heat patterns in the MODS in the irrigation season.

RQ3: What are the effects of drip irrigation on atmosphere structure of MODS?

We conducted two simulations with drip irrigation (IRR) and without irrigation(CON) and
the differences between the two simulations show the effects of the drip irrigation on the

water-heat conditions in relatively close mountain-basin structures.

Results show that drip rrigation in NTM increases the LE of 80.81 W/m? and decreases H
63.03 W/m? over oasis; Drip irrigation has a cooling and wetting effects on the atmospheric
temperature and humidity in MODS, with values up to 0- -2 °C and 0-2 g/kg from near
surface to approximately 1.5 km over the irrigated oasis region, thereby strengthening cold-
wet island effects of oasis and OBC in the irrigation season; the impacts of drip irrigation
on temperature, sensible heat flux and latent heat flux were mainly restricted over oasis,
but the impact on humidity spread to across whole NTM; Moreover, drip irrigation
produced a weak divergent wind blowing from the center of the oasis area to the
surrounding desert with a speed of less than approximately 0.5 m/s at a height of 10 m in
daytime, indicating drip irrigation increased the intensity of OBC; From the difference
between IRR and CON simulations, the TP seems obviously increased in upwind
mountains areas with elevation value of approximately 1000-2000 m, decreased at the
mountain top with elevation value greater than approximately 2000 m in daytime, and all
grids averaged P in the domain are increased 3.75 mm and 2.48 mm in daytime and
nighttime, respectively; The impacting range of irrigation on humidity and precipitation
spread to non-irrigated area might be relevant to mountain-valley winds. During daytime,
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since intense lower level valley wind is blowing from wet-cold oasis to mountainous areas
and forms precipitation at elevation of 1000-2000 m. During night, intense lower level
cold-wet mountain wind is blowing from mountainous, through oasis, even extend to part
of desert area, thus an increased precipitation in upwind mountainous area and increased
humidity spreading whole NTM were observed. These mechanisms might accelerate the
hydrological cycle in MODS. But, irrigation makes local convective processes closer to
oasis surface based on lower PBLH over oasis, which implied that the air mass over the
oasis tends to be more stable when irrigation happed in the MODS, and the precipitation
over oasis might decrease; When irrigation rate is greater than 2.5 mm/day, the ET
increased 0.45 times more than that without irrigating, while irrigation rate is less than 2.5

mm/day, the ET increased 1.59 times more.

RQ4: What are the impacts of large mountains on irrigated oasis-desert interaction

in a typical mountain-oasis-desert ecosystem?

Because the previous studies have been performed only in oasis-desert environments and
have not considered the impacts of mountain, and interaction between each subsystem in
MODS, which may result in an incorrect or incomplete understanding of the oasis-desert
interactions within a MODS.In chapter 4, the effects of oasis areas were investigated within
a complete MODS located in the NTM using the WRF model. The mod simulation uses
actual terrestrial datasets from satellite products and irrigation shceme developed in chapter
3. The non-oasis simulation is a scenario simulation in which oasis areas are replaced by
desert conditions, while all other conditions are the same as the mod simulation.The non-
mountain simulation is a scenario simulation in which the elevation values of all grids are

set to a constant value of 300 m.

Result show the overall spatial patterns of H, LE, T2 and Q2 in daytime and nighttime
generally exhibit continuous stripe-like increases from the mountainous areas to the oasis
areas and to the desert areas, except for H and LE patterns in nighttime. An obvious gradient
line is observed along the northern boundary of the oasis and desert, indicating irrigated
oasis region obviously disturb the stripe-like change of the water-heat patterns. The near

surface water-heat patterns of MODS are not only impacted by various underlying LU
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differences of mountain, oasis and desert, but are controlled by TLR caused by elevation

difference.

The differences between the mod and non-oasis simulations show the typical “cold island”
effect and “wet island” effect of an oasis during the day. At 2 m, the intensity of this “cold
island” resulting from the oasis cooling effect is as large as —0.61 °C, while the mean
intensity of this “wet island” resulting from the oasis wetting effect is 1.56 g kg™!. Thus, a

temperature inverse layer develops over the oasis areas at night from the mod simulation.

The oasis cooling-wetting effect reaches a vertical height of approximately 1.5 km above
the oasis surface; The horizontal range of the oasis cooling-wetting effect appears to extend
into the desert areas to a distance of approximately 25 km, rather than being restricted over
the oasis areas favorable conditions for desert plants in the oasis-desert transition zone. The
Tianshan Mountains act as the background of the oasis-desert interaction and exert a

cooling and wetting effect on the whole MODS in the NTM.

In the context of the prevailing westerly wind, the typical mountain-valley winds are
cinfirmed in MODS from the mod and non-oasis simulations. An intense southwesterly
wind with a wind speed exceeding 7 m/s is observed during both daytime and nighttime in
the non-mountain simulation, which is the representation of larger-scale circulation. An
obvious divergent wind blowing from the center of the oasis area to the surrounding desert
with a speed of less than approximately 1.5 m/s at a height of 10 m height, but no obvious
downdrafts or updrafts were observed over the oasis or deserts based on the vertical
component difference between the mod and non-oasis simulations. These results indicate
the OBC may indeed exist between the oasis and desert areas and the OBC is counteracted
by the stronger background circulation. Therefore, the proposed self-supporting
mechanism of the oasis associated with the OBC cannot play a significant role in

maintaining the stability of the oasis in this MODS.

5.2 Critical reflections

This dissertation studied the effects of irrigated oasis on the water-heat patterns and local
climate in the NTM, and the interaction between each subsystem in a MODS in the NTM.
In this section, some critical aspects are being presented concerning the current

methodology and results in this dissertation.
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In chapter 2, the impact of using actual LU, albedo, LAI, and GVF data from satellite
products in WRF on the model performance were examined. Several uncertainties existed
in data processing process and updating outdated default terrestrial datasets in WRF. For
example, the actual LU data used hierarchical classification system while the default LU in
WRF used the USGS classification system. These two classification system have
conflicting classification definition, because some categories from the hierarchical
classification system could not completely be attributed into any category in USGS
classification system. We converted LU of the hierarchical classification system into LU
based on USGS classification system, which caused uncertainties (Zhang et al., 2017c¢).
Moreover, the actual terrestrial datasets, including LU, albedo, LAI and GVF have
inconcsistent spatial resolution with the defaults, therefore, were reprocessed using the
same coordinate system and resolution in WRF, which also caused some uncertainties. In
addition, we examined the impacts of only from LU, albedo, LAI, and GVF data on WRF
performance. Others parameters, such as emissivity, rough length of land surface might

have a great impacts in WRF performance and were not applied in this study.

In chapter 3, on the basis of adding irrigation process and updating outdated default
terrestrial datasets with actual datasets from satellite products, the performance of WRF
improved much more than before, but simulated ET and RH are overall underestimated
relative to the observations. These errors can be attributed to the fact that plastic mulching
inhibits soil evaporation (Xie et al., 2005), which is not considered in the simulations of
WRF (Wen et al., 2012; Meng et al., 2009). Adding plastic mulching process may help to
correct these errors. In addition, all crops were treated as irrigation field, this treatment may
enlarge the irrigation area, as there may be actually other land use/cover, such as bare land,

within the cropland grids in the WRF’s simulation.

In chapter 4, on the basis of WRF localized, we investigated oasis effects, mountain effects
and oasis-desert interactions in complex MODS using scenario simulations. Our objectives
in this thesis is to explore the relationship between irrigated oasis and regional or local
climate change in complex MODS in CA. However, we only finished short-term
simulations. The long-period simulation can quantitatively answer the climate effects of

historical oases expansion on the regional climate.
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5.3 Recommendations for future work

Every dissertation is subject to some limitations, there are no exceptions for this one. In
this section, we try to shed some light on the potential direction and improvement of the

current study. Several actions are being proposed, concentrating on the following topics.

5.3.1. Future work on datasets

Remote sensing data have constituted the major data resource for climate modelling. As
section 5.2 showed, we examined the impacts of only from LU, albedo, LAI, and GVF data
on WRF performance, the impacts from other parameters, such as emissivity, rough length
of land surface on WRF performance will be further examined in the future work. In
addition, we will collect more field data, even do some observation, such as the fluxes,
actual evaporation, soil water infiltration, etc. , although it may be time consuming and

require a lot of money.

5.3.2.  Future work on model development

Concerning our work of climate localization, we made large efforts in describing drip
irrigation process in this dissertation. In fact, drip irrigation under plastic film is an effective
farm management after 1995, and large-area flooding irrigation was used before 1995. Thus,
we will try to develop a flooding irrigation scheme and drip irrigation under plastic film
scheme suitable to current crop management in arid area, and coupled them into climate

model in the future.

5.3.3.  Future work on research topics

This dissertation provides important information on the water-heat interaction mechanisms
among subsystem in complex MODS in a period, which represents necessary preliminary
work for further investigation in the contribution of historical oasis expansion at local and
regional scales. The contribution s of oases expansion impact on local/regional climate
change, distinguishing from the global climate change, will be further investigated in the

next stage of this work.

In addition, we found each subsytem in mountain-oasis-desert system highly differentiated

in space, but are functionally coupled due to sharing of limited water resources. The oasis
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expanision will certainly affect the other system changes, such desert vegetation
degradation. These interaction and feedback mechanism between each subsystem in
MODS are complex and interested, and will play key role in analyzing dynamics of
ecosystem services under limited water-soil resources. We need to figure out urgently the
relasionship of mutual interactions between each subsystem in MODS in a dynamic stage
of historical development, which will provide basics knowledge and information on how

complex systems respond to future climate changes.
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CHAPTER

GENERAL CONCLUSIONS

The general findings of this dissertation are concluded in this chapter. According to

the research objective, they are given in a logical way to deepen understanding.
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The historic climate of the NTM changed obviously from a warm-dry to a warm-wet trend
with the year of 1987 as turning point, while the change range of other arid regions in CA
was less intense and developed warm-dry trend. We assumed that the abnormal regional
climate change in the NTM may be likely to respond to the rapid oases expansion and
intensive irrigation in the complex MODS. This dissertation studies the local climate of a
complex MODS in short-period and the contribution of irrigated oasis and mountain on the
local climate conditions in the NTM using WRF model. This is a preliminary work, further

investigations will study the impacts of historic oasis expansion on regional climate change.

Eirstly, because the regional climate model WRF has outdated default terrestrial datasets,
limiting its abilities to accurately simulate weather and climate conditions over
heterogeneous underlying surface of MODS. Integrating actual terrestrial datasets from
satellite products or observation in the model simulations is a novel way to overcome these
limitations. However, actual terrestrial datasets from satellite products are scarce and field
measurements are temporally and spatially limited, especially in complex terrain. In
addition, simulations using real-time, even monthly, actual various satellite terrestrial
datasets in RCMs are very time- and labor-consuming processes. In order to overcome the
restriction of WRF model and check whether only updating several key observed datasets
can meet expected results in land surface modelling or climate modelling in NTM, we
conducted two different year simulations with gradually updating default terrestrial datasets
by actual datasets from satellite products, including LU, Albedo, LAI and GVF in chapter
2, and exaimed the contribution of each dataset on error correction of WRF simulating land
surface energy partition, T2, RH and WS and WD in MODS. Our main conclusions in
chapter 2 are that using actual GVF data greatly affects the simulation of T2, RH, and LE
in the oasis—desert system, contributing to error correction values of 62%, 87% and 92%,
respectively. The LU data is a primary parameter and it determines the values of many
secondary parameters. The default LU and GVF, at least, should be updated by actual

datasets in simulating both weather and climate processes using the WRF.

Secondly, the regional climate model WRF does not include any detailed irrigation process
suitable for the drip irrigation management in the NTM, and the oasis cannot survive
without irrigation in the NTM. Moreover, water is a particularly scarce and valuable good
for both human livelihoods and ecosystems in this region, because water resource is from

important hydrologic processes of limited snow and glacial melt, and precipitation from
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mountain ranges. Exploring irrigation’s effects on water and heat patterns of complex
MODS is very significant for regional sustainable development under the limited water and
soil conditions. We developed a drip irrigation scheme and coupled it into the WRF in order
to make WREF localized. Our main conclusions in the chapter 3 are that irrigation impacts
the patterns of temperature, H and LE, and the influencing range were mainly restricted
over oasis; while that the impacting range of irrigation on humidity and precipitation spread
to non-irrigation area might be relevant to mountain-valley winds; During daytime, since
intense lower level valley wind is blowing from the wet-cold oasis to mountainous area and
forms precipitation at elevation of 1000-2000 m. During night, intense lower level cold-
wet mountain wind is blowing from mountainous, through oasis, even extending to part of
desert area, thus an increased precipitation in upwind mountainous area and increased
humidity spreading whole NTM were observed. These mechanisms might accelerate the

hydrological cycle in MODS.

Thirdly, the localized WRF model is applied for simulating water-heat patterns of the
whole MODS and exploring water-heat interaction among mountain, oasis, and desert. All
of work aims to explore the relationship between irrigated oasis and regional climate
change in complex MODS. The answer can provide the scientific support to oasis water
resources management and is essential to the sustainable development and ecological
stability of oases. In chapter 4, we mainly conducted three scenario simulations, which
represents real local climate situation (mod), the unreal local climate situation due to
without irrigated oasis (non-oasis), and the unreal local climate situation due to without
terrain (non-mountain), respectively. Our objective is to understand the water-heat
movements and interaction of complex MODS. Our main conclusions in chapter 4 are that
the typical “cold-wet” island effects of the oasis, nighttime TIL over oasis areas and OBC
are fully confirmed, but the OBC was counteracted by stronger background winds, thereby
the self-supporting mechanism of the oasis associated with the OBC cannot play a

significant role in maintaining the stability of the oasis in this MODS.
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CHAPTER

APPENDIX

This chapter main lists the paremeters and codes in the modelling and experiment.
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7.1 namelist.wps

&share
wrf core ='ARW/,
max_dom =2,
start date ="2011-10-01_00:00:00', '2011-10-01_00:00:00'", '2011-10-01_00:00:00",
end date ='2012-09-31 18:00:00','2012-09-31 18:00:00', '2012-09-31 18:00:00',
interval seconds = 21600,
io_form geogrid = 2,
opt_output from_ geogrid path = '/media/annnabelle/Miao/WRF/ERA -
Intermin/TB_Short/geo/paper3 new3',
debug level =0,
/
&geogrid
parent id =1,1,2,

parent_grid ratio = 1,3,3,

i _parent start =1,19,28,
j_parent_start =1,16,21,
e we =74,115,109,
e sn =56,76,76,

geog data res ="2m','30s', '30s',

dx =0.166916,

dy = 0.166405,

map_proj = 'lat-lon',

ref lat =44.893,

ref lon =86.107,

truelatl =44.893,

truelat2 = 44.893,

stand lon = 86.107,

geog data path = '/home/annnabelle/ WRF/WPS_GEOG!,
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opt _geogrid tbl path = '/home/annnabelle/ WRF/WPS/geogrid/',

ref x =37.0,

ref y=28.0,
/
&ungrib

out_format ='"WPS',

prefix = '/home/annnabelle/ WRF/WPS/ungrib/Paper3/3D',
/
&metgrid
fg name =
'’home/annnabelle/ WRF/WPS/ungrib/Paper3/3D','/home/annnabelle/ WRF/WPS/ungrib/P
aper3/SFC',

io_form metgrid =2,

opt_output from metgrid path = '/media/annnabelle/Miao/WRF/ERA -
Intermin/TB_Short/met/paper3 new3/2012',

opt metgrid tbl path ='/home/annnabelle/ WRF/WPS/metgrid/,
/

7.2 namelist.input

&time control

run_days =365,

run_hours =18,

run_minutes =0,

run_seconds =0,

start_year =2011, 2011, , 2011,
start month =(9, 09, 09,
start_day =01, 01, 01,
start_hour =00, 00, 00,
start_minute =00, 00, 00,
start_second =00, 00, 00,
end year =2012, 2012, 2012,
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end month =09, 09, 09,
end day =31, 31, 31,
end hour =18, 18, 18,
end minute =00, 00, 00,
end second =00, 00, 00,
interval seconds = 21600,

input_from_file = true., .true., .true.,
history interval =60, 60, 60,
frames per outfile =1, 1, 1,
restart = false.,

restart_interval = 5000,

i0o_form_history =2,

io_form_restart =2,

i0_form_input =2,

io_form_boundary =2,

debug level =0,

io_form_auxinput4 =2,

auxinput4_inname = "wrflowinp _d<domain>"
auxinput4_interval =360, 360,

/

&domains

time_step =60,

time_step fract num =0,

time step fract den =1,

max_dom =2,

e we =174, 115, 109,
€ sn =56, 76, 76,
e vert =35, 35, 35,
p_top requested = 5000,

num_metgrid levels =31,
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num_metgrid soil levels =4,

dx =18557.299, 6185.766, , 2061.922,

dy =18500.487, 6166.829,, 2055.61,

grid_id =1,
parent_id =1,
1_parent start =1,
J_parent_start =1,
parent grid ratio =1,
parent time step ratio =1,
feedback =1,
smooth_option =0,
/

&physics

mp_physics =3,
ra_Iw_physics =3,
ra_sw_physics =3,
radt =10,
sf sfclay physics =1,
sf surface physics =2,
bl pbl physics =1,
bldt =0,
cu_physics =1,
cudt =5,
isfflx =1,
ifsnow =0,
icloud =1,
surface input_source =1,
num_soil layers =4,
sf urban_physics =1,

usemonalb

2,

1,
19,
16,
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rdlai2d = true.,

sst_update =1,

/

&fdda

grid fdda =1, 0,

gfdda inname = "wrffdda d<domain>"
gfdda interval m =360

gfdda end h =5154

io_form_gfdda =
fgdt =0
if no pbl nudging uv =1
if no_pbl nudging t =1

if no pbl nudging q =1
if zfac uv =0

k zfac uv =10
if zfac t =0

k zfac t =10
if zfac q =0

k zfac q =10

guv
gt

gq

if ramping
dtramp_min
/
&dynamics
w_damping
diff opt
km_opt

diff 6th opt

=0.0003
=0.0003
=0.0003
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diff 6th factor
base temp
damp_opt
zdamp
dampcoef
khdif

kvdif
non_hydrostatic
moist_adv_opt
scalar_adv_opt
/

&bdy control
spec_bdy width
spec_zone
relax_zone
specified
nested

/

&grib2

/

&namelist_quilt

nio_tasks per group

nio_groups
/

&namelist_quilt

nio_tasks per group

nio_groups

/

=0.12, 0.12, 0.12,
=290.,
=0,
=5000., 5000., 5000.,

=0.2, 0.2, 0.2,
=0, 0, 0,
=0, 0, 0,

= .true., .true., .true.,
=1, 1, 1,
=1, 1, 1,
=5,
=1,
=4,

= true., .false., .false.,

= false., .true., .true.,

7.3 programme Wgeogrid

implicit none
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integer :: 1,

integer :: isigned, endian, wordsize

integer :: nx, ny, nz

real :: scalefactor

real*8 :: xllcorner, yllcorner, cellsize, missvalue
character :: head12

real, allocatable :: rarray(:,:), iarray(:,:)

isigned = 1

endian = 0

wordsize = 2

scalefactor = 1.0

nz=1

open (10, file ="2013.txt")

read(10,*) head12, nx

read(10,*) head12, ny

read(10,*) head12, xllcorner

read(10,*) head12, yllcorner

read(10,*) head12, cellsize

read(10,*) head12, missvalue
allocate(rarray(nx,ny))

allocate(iarray(nx,ny))

doj=1lny

read(10,*) iarray(:,j)

end do

! reverse the data so that it begins at the lower-left corner
doj=l,ny

rarray(:,j) = iarray(:,ny-(j-1))

end do

call write geogrid(rarray, nx, ny, nz, isigned, endian, scalefactor, wordsize)

end program Wgeogrid
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7.4 NCL code for updating the LU and monthly GVF in wrfinput and wrflowinp

begin

original filel=addfile("/home/annnabelle/soil moisture/paper3 new/year/2011 12/wrflo
winp_d02","w")

edited file 1=addfile("/home/annnabelle/soil moisture/paper3 new/year/2011 12/1 GV
F 02.nc","r"
SMOIS edited 1=edited file 1->VG(74:0,0:113)

edited file 2=addfile("/home/annnabelle/soil moisture/paper3 new/year/2011 12/2 GV
F 02.nc","r"
SMOIS _edited 2=edited file 2->V(G(74:0,0:113)

edited file 3=addfile("/home/annnabelle/soil_moisture/paper3 new/year/2011 12/3 GV
F 02.nc","r")
SMOIS edited 3=edited file 3->V(G(74:0,0:113)

edited file 4=addfile("/home/annnabelle/soil_moisture/paper3 new/year/2011 12/4 GV
F 02.nc","r")
SMOIS edited 4=edited file 4->VG(74:0,0:113)

edited file 5=addfile("/home/annnabelle/soil_moisture/paper3 new/year/2011 12/5 GV
F 02.nc","r")
SMOIS edited 5=edited file 5->V(G(74:0,0:113)

edited file 6=addfile("/home/annnabelle/soil moisture/paper3 new/year/2011_12/6 GV
F 02.nc","r")
SMOIS edited 6=edited file 6->VG(74:0,0:113)

edited file 7=addfile("/home/annnabelle/soil moisture/paper3 new/year/2011 12/7 GV
F 02.nc","r")
SMOIS edited 7=edited file 7->VG(74:0,0:113)

edited file 8=addfile("/home/annnabelle/soil moisture/paper3 new/year/2011 12/8 GV
F 02.nc","r")
SMOIS edited 8=edited file 8->V (G(74:0,0:113)

edited file 9=addfile("/home/annnabelle/soil moisture/paper3 new/year/2011 12/9 GV
F 02.nc","r")
SMOIS edited 9=edited file 9->VG(74:0,0:113)

edited_file 10=addfile("/home/annnabelle/soil moisture/paper3 new/year/2011 12/10
GVF_02.nc","r")
SMOIS edited 10=edited file 10->V(G(74:0,0:113)
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edited file 11=addfile("/home/annnabelle/soil moisture/paper3 new/year/2011 12/11
GVF_02.nc","r")
SMOIS edited 11=edited file 11->V(G(74:0,0:113)

edited file 12=addfile("/home/annnabelle/soil moisture/paper3 new/year/2011 12/12
GVF_02.nc","r")
SMOIS edited 12=edited file 12->V(G(74:0,0:113)

doi=0,119,1
original file->VEGFRA(i,:,:)=(/SMOIS _edited 9/)
end do

doi=120,243,1
original_file->VEGFRA(i,:,:)=(/SMOIS_edited 10/)
end do

doi=244,363, 1
original_file->VEGFRA(i,:,:)=(/SMOIS _edited 11/)
end do

doi=364,487,1
original file->VEGFRA(i,:,:)=(/SMOIS_edited 12/)
end do

doi1=488,611,1
original _file->VEGFRA(1,:,:)=(/SMOIS_edited 1/)
end do

doi=612,727,1
original_file->VEGFRA(1,:,:)=(/SMOIS _edited 2/)
end do

doi=728, 851, 1
original file->VEGFRA(L,:,:)=(/SMOIS_edited 3/)
end do

doi=2852,971, 1
original file->VEGFRA(,:,:)=(/SMOIS_edited 4/)
end do

do1=972,1095, 1

original file->VEGFRA(,:,:)=(/SMOIS_edited 5/)
end do
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doi1=1096, 1215, 1
original file->VEGFRA(i1,:,:)=(/SMOIS_edited 6/)
end do

doi=1216, 1339, 1
original file->VEGFRA(i,:,:)=(/SMOIS _edited 7/)
end do

doi=1340, 1463, 1
original file->VEGFRA(i,:,:)=(/SMOIS_edited 8/)
end do

doi=1464, 1583, 1
original _file->VEGFRA(i1,:,:)=(/SMOIS_edited 9/)
end do

doi=1584,1707, 1
original_file->VEGFRA(i,:,:)=(/SMOIS_edited 10/)
end do

doi1=1708, 1827, 1

original file->VEGFRA(i,:,:)=(/SMOIS_edited 11/)
end do

doi=1828, 1951, 1
original_file->VEGFRA(1,:,:)=(/SMOIS _edited 11/)
end do

original_file lu=addfile("/home/annnabelle/soil_moisture/paper3 new/year/2011 12/wrfi
nput_d02","w")

edited file 13=addfile("/home/annnabelle/soil _moisture/paper3 new/year/2011 12/lu 0
2 ok.nc","r")

SMOIS edited 13=edited file 13->LU INDEX(74:0,0:113)

original file lu->LU INDEX(O0,:,:)=(/SMOIS_edited 13/)

end
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SUMMARY

Central Asia is one of the most representative mid-latitudes arid regions, accounting for 29%
of the total area of the world's arid and semi-arid regions. The North Tianshan Mountains
(NTM), which is located in the hinterland of Central Asia, is a microcosm of the terrain
and climate of the CA and consists of a great number of complex mountains and basins in
the world. The NTM has been experiencing distinct intense human activities in the recent
30 years. Based on limited runoff from snow- and glacial-melt in mountainous region and
unrestrained extraction of groundwater for irrigation, oases have developed between
mountains and basins, thus the NTM can be consisting of mountains, oasis, and desert areas,
named as Mountain-Oasis-Desert ecoSystem (MODS). The total oases area has expanded
to 4 times more than its original size. Meanwhile, recent studies indicate that annual mean
air temperature in the NTM has been increasing at an average rate of 0.8 °C decade ™!, which
is far larger than the average rate of other arid area in the Central Asia (i.e., 0.40 °C decade™!
from 1975 to 2015). Precipitation has an obvious increasing tendency at an increase rate of
11.3% in NTM while average precipitation in the other arid area in the Central Asia has a
decreasing tendency. How does the abnormal regional temperature and precipitation
change in NTM respond to the rapidly expanding irrigation oases located in the complex
MODS? The answer is not yet clear. Answering the above questions are essential, both
theoretically and practically, to the sustainable development and ecological stability of
oases and will provide useful information for further investigating the impact of oasis

expansion on regional climate changes under global climate change.

In this study, the available energy partition, temperature, humidity, atmospheric structure
and circulation patterns of a typical MODS were explored using the Weather Research and
Forecasting (WRF) model, and the focus is to explore the effects of irrigated oasis on the
water-heat patterns of the entire MODS. The main contents of this dissertation included the

following:

Because of outdated terrestrial datasets, including Land Use (LU), Albedo, Leaf Area
Index (LAI) and Green Vegetation Fraction (GVF), the climate model WRF has a limited
ability to accurately simulate weather and climate conditions over heterogeneous MODS

at such scale. Using actual terrestrial datasets from satellite products in climate models is
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the only possible solution to the limitation; however, it is impractical for long-period
simulations due to the extremely time- and labor-consuming processes involved. We used
the WRF model with observed estimates of LU, albedo, LAI, and GVF datasets from
satellite products to examine which terrestrial datasets have a great impact on simulating
water and heat conditions over heterogeneous oasis-desert systems. We found using actual
GVF data has a much greater effect on the simulation of 2-m air temperature, 2-m relative
humidity, and latent heat flux than the other parameters, resulting in mean error correction
values of 62%, 87% and 92%, respectively. In addition, the LU data is the primary
parameter because it strongly influences other secondary land surface parameters in the

WREF.

The ability of WREF to accurately simulate water and heat conditions of irrigated oasis is
limited due to lack of irrigation processes. A drip irrigation scheme was incorporated into
the WREF to realistically represent water-heat patterns of oasis and to explore irrigation’s
effects on local climate of the complex MODS. Model evaluation further reveals that WRF
with this new irrigation approach can generate irrigation water amounts that are in close
agreement with the observation. Irrigation strengthened cold-wet island effects of oasis and
oasis breeze circulation (OBC) in the irrigation season, and increased precipitation amount

in upwind mountains areas with elevation approximately 1000-2000 m in daytime.

Due to the barrier effect of the terrain, the air temperatures of MODS generally exhibit
continuous stripe-like increases from the mountainous areas to the oasis areas and to the
desert areas, the specific humidity in the mountainous area is higher than that over the basin
area at the same elevation; in the context of the prevailing westerly wind, a northwest west
with a wind speed of approximately 3 m/s occurs during the daytime, whereas a southwest
wind with a wind speed of approximately 4 m/s occurs at night covering the entire MODS,
these are the typical valley wind characteristics in the MODS. The typical “cold-wet” island
effects of the oasis and the OBC are fully described within the context of the MODS. There
is an obvious temperature-humidity gradient line along the northern boundary of the oasis
at the horizontal scale, and the air temperature (specific humidity) over the oasis during the
day was significantly lower (higher) than the other areas at the same vertical height. The
intensity of such cold (wetting) island of the oasis is approximately —0.61 °C (1.56 g kg ')
at 2-m, and extends to a height of approximately 1.5 km above the oasis surface. The OBC
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between oases and the deserts is counteracted by the stronger background circulation, thus
the self-supporting mechanism of oases originating from the OBC plays a limited role in
maintaining the ecological stability of oases in MODS. The airflow with increased moisture
over irrigated oasis is brought to mountains areas with elevation approximately 1000-2000
m by intense valley wind in daytime, and forms precipitation due to adiabatic cooling and
condensation in this region. Meanwhile intense mountain wind bring increased moisture
over irrigated oasis to extend into the surrounding desert area at night, which may produce
wet conditions favorable for desert plants in the oasis-desert transition zone. These effects

accelerated hydrological process in the MODS.
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SAMENVATTING (DUTCH SUMMARY)

De aride regio van Centraal-Azi€ (CA) is één van de meest representatieve midden-
breedtegraads droge gebieden en omvat 29 % van het totale wereldgebied qua aride
en semi-aride regio’s. Het noordelijke Tianshan gebergteketen (northern Tianshan
Mountains, NTM), welke gelegen is in het hinterland van CA, vormen ecen
microkosmos van het terrein en het klimaat van CA en bestaan uit een groot aantal
complexe bergen en bekkens. De NTM waren de laatste 30 jaar onderhevig aan
bijzonder intense menselijke activiteiten. Omwille van een beperkte afwatering
(atkomstig van sneeuw en gesmolten ijs uit het bergachtig gebied) en een
ongelimiteerde extractie van grondwater voor irrigatie, ontwikkelden zich oases
tussen bergen en bekkens, aldus omvatten de NTM bergen, oases en woestijnregio’s,
genaamd het Berg-Oasis-Woestijn Systeem (MODS). De totale oasisregio breidde uit
tot 4 maal de originele omvang. Ondertussen tonen recente studies aan dat de
jaarlijkse gemiddelde luchttemperatuur in de NTM verhoogde aan een gemiddelde
van 0.8 °C per decennium, wat veel groter is dan de gemiddelde ratio voor andere
droge streken in CA (0.40 °C decennium ™! van 1975 tot 2015). De neerslag vertoont
een duidelijke stijgende trend in NTM en nam toe met 11.3 % terwijl de gemiddelde
neerslag in andere aride CA gebieden een dalende trend heeft. Hoe reageert de
abnormale regionale temperatuur en de wijziging in NTM neerslag op de snel
uitbreidende geirrigeerde oases (die in de complexe MODS gelegen zijn) ? Het
antwoord is nog niet duidelijk. Een antwoord op de bovengenoemde vragen is
essentieel, zowel theoretisch als praktisch, voor de duurzame ontwikkeling en de
ecologische stabiliteit van oases en zal nuttige informatie opleveren die kan dienen
voor verder onderzoek naar de impact van de oase-uitbreiding op de regionale

klimaatveranderingen onder globale klimaatwijziging.

In deze studie onderzochten we de beschikbare energieverdeling, temperatuur,
vochtigheid, atmosferische structuur en circulatiepatronen van typische MODS
gebruik makend van het Weather Research and Forecasting model (WRF) en de

focus ligt op het ontdekken van de gevolgen van een geirrigeerde oase op de water-
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hitte patronen van de volledige MODS. De belangrijkste inhoud van deze PhD behelst

het volgende :

Door het gebruik van gedateerde terrestrische datasets, met inbegrip van Land Use
(LU), Albedo, Leaf Area Index (LAI) en Green Vegetation Fraction (GVF), heeft het
WRF  klimaatmodel een  beperkt vermogen om de weers- en
klimaatomstandigheden accuraat te simuleren in heterogene MODS (op zo een
schaal). Het gebruik van de huidige terrestrische datasets op basis van
satellietproducten in klimaatmodellen is de enige mogelijke oplossing voor deze
beperking; het is desalniettemin onpraktisch voor lange termijnsimulaties en dit is te
wijten aan de betrokken extreme tijds- en arbeidsintensieve processen. We benutten
het WRF model met geobserveerde schattingen van LU, albedo, LAI en GVF datasets
van satellieten om te onderzoeken welke terrestrische datasets een grote impact
hebben op de simulatie van de water en hittecondities in heterogene oase-woestijn
modellen. Door het gebruik van de huidige GVF gegevens is er een grotere invloed
op de simulatie van 2-m luchttemperatuur, 2-m relatieve vochtigheid en latente
hittestroming dan andere parameters, resulterend in gemiddelde foutcorrectiewaarden
van respectievelijk 62 %, 87 % en 92 %. Bovendien vormen de LU gegevens de
belangrijkste parameter omdat deze de andere secundaire landoppervlakteparameters

in het WREF sterk beinvloeden.

De mogelijkheid van WRF om de water en hitte toestand van een geirrigeerde oase
accuraat te simuleren is beperkt en dit is te wijten aan het gebrek aan
irrigatieprocessen. Een drupirrigatieschema werd ingevoerd in de WRF om de water-
hitte patronen van de oase realistisch weer te geven en om de effecten van irrigatie op
het lokaal klimaat van complexe MODS na te gaan. Verder brengt een modelevaluatie
aan het licht dat de WRF (met deze nieuwe irrigatie-aanpak) waterhoeveelheden kan
genereren die nauw aansluiten bij de waarneming. Irrigatie versterkte de koud-natte
eilandinvloeden van de oase en de oasebries- circulatie (0asis breeze circulation
OBC) in het irrigatieseizoen en verhoogde de neerslaghoeveelheid in loefzijdse

berggebieden met ongeveer 1,000-2,000 m overdag.
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Door het barriere-effect van het terrein, vertoont de luchttemperatuur van de MODS
over het algemeen een aanhoudende strookachtige toename van de bergstreken tot de
oase- en de woestijngebieden, de specifieke vochtigheid in het bergachtig gebied is
hoger dan deze in het bekken op dezelfde hoogte; in de context van de overheersende
westenwind, een windrichting van NWW met een windsnelheid van ongeveer 3 m/s
gedurende de dag terwijl een windrichting SW met een snelheid van circa 4 m/s
genoteerd werd ’s nachts (die de volledige MODS beslaat, dit zijn de typische
valleiwindkenmerken in de MODS). De typische “koud-natte” eilandinvloeden van
de oase en OBC worden volledig beschreven in de context van de MODS, als bewijs
voor een duidelijke temperatuurvochtigheidsgradiéntlijn langs de noordelijke grens
van de oase op de horizontale schaal. De luchttemperatuur (specifieke vochtigheid)
in de oase tijdens de dag was beduidend lager (hoger) dan in andere gebieden op
dezelfde verticale hoogte. De intensiteit van zo een koud (nat) eiland in de oase is
ongeveer —0.61 °C (1.56 gkg ) op 2-m en strekt zich uit tot een hoogte van circa 1.5
km boven het oase-oppervlak. De oasebries-circulatic (OBC) tussen oases en
woestijnen wordt tegengewerkt door de sterkere achtergrondcirculatie. Dus,  het
zelfvoorzienende mechanisme van de oases die afstammen van het OBC speelt een
beperkte rol in het behoud van de ecologische stabiliteit van de MODS oases. De
luchtstroom met toegenomen vocht in de geirrigeerde oase wordt naar de bergzones
gevoerd met hoogtes van ongeveer 1,000-2,000 m door een hevige valleiwind
overdag en vormt neerslag door adiabatische koeling en condensatie in deze streek.
Intussen brengt een intense bergwind ’s nachts een verhoogde hoeveelheid vocht over
de geirrigeerde oase die zich uitstrekt over de omliggende woestijnstreek, wat natte
condities teweeg kan brengen die gunstig zijn voor woestijnplanten in de oase-
woestijn overgangszone. Deze gevolgen versnelden het hydrologisch proces in de

MODS.
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