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ABSTRACT
After Three Gorges Dam (TGD) was built in June 2003, the water level abruptly rose

from 66 to 135 m. A second-order polynomial relationship between upstream water level and
reservoir surface area is found using Landsat ETM+ images. The impact of TGD on regional
precipitation is examined using NASA Tropical Rainfall Measuring Mission (TRMM)
Multisatellite Precipitation Analysis (TMPA) from 1998 to 2009. Satellite estimates are found to
have good quality after verifying with rain gauges following several methods. Monthly epoch
analyses are performed. While composites of heavy rain days (top 25 percentile) do not show
major distinguishable changes, composites of moderate rain days (mid 50 percentile) suggest that
in the “Post Dam” periods, moderate precipitation is greatly reduced in the vicinity of the
reservoir, while increased on both sides away from the reservoir. Overall, this analysis presents

one of the most thorough and long-term analyses of TGD-hydroclimate relationships to date.
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CHAPTER 1

INTRODUCTION

Land surface changes such as expansion or contraction of lakes have a direct effect on the
atmosphere through energy and moisture exchanges. Lakes absorb and store heat in the spring and
summer, and release heat in the autumn and winter. The fluctuation of the lake areas plays a significant
role in surface energy budget by altering surface albedo and energy partitioning [Plank and Shuman,
2009]. Besides altering local albedo and evaporation, Scott and Huff [1996] found the relatively cooler
water of the Great Lakes can stabilize the atmosphere over the water in summer, thereby decreasing
rainfall over the lake areas while increasing precipitation in the downwind direction. Although these
studies are based on lakes, large reservoirs resulting from dam-driven inundation of land could impact
local/regional climate with similar mechanisms. The notion that a large reservoir could be built to alter
the natural precipitation patterns in the vicinity is not new [Eltahir and Bras, 1996]. More than sixty years
ago, Jensen [1935] suggested such an idea to “engineer” rainfall. This notion has been debated by
Holzman [1937] and Horton [1943]. Huntley et al. [1998] investigated vegetation adjacent to a reservoir
in northern England and concluded that a major component of the vegetation changes observed can only
readily be accounted for by an alteration in local climate due to the reservoir. More recently, Degu et al.
[2011] have found evidence of altered precipitation and atmospheric stability parameters around large
U.S. dams in certain climate regimes (arid/Mediterranean). Overall, the hydroclimatic effects of reservoirs
are still inconclusive and region dependent. A better understanding of what a dam/reservoir might be
doing to precipitation in its vicinity over the decadal timescales has implications for both the traditional

dam planners/operators and the society.



1.1 Motivation

After Three Gorges Dam (TGD) was built in June 2003, the water level abruptly rose from 66 to 135
m (above sea level). This project in China has become the largest hydroelectric project in the world since
the water level rose again to 156m in 2006. More than 600 km? of land, which were settlements,
farmlands and forests, are now under water (Fig. 1.1). In October 2010, the water level upstream of the
dam finally reached the designated 175 m, after two failed attempts at raising the water level to 175 min
2008 and 2009 due to insufficient upstream discharge. Built on the main stream of the Yangtze River, the
third longest river in the world, the unprecedented TGD is an interesting engineering achievement with
profound influence. Millions of people have moved away from their homes; and the farmers who stayed
have to work on newly resettled farms with steeper slopes and lower crop yields after the inundation. On
the other hand, more people are using the cost-efficient hydroelectric power every day. Managers of the
project need to control the water level in accord with climate conditions and achieve a balance between
flood prevention and electricity generation. The research community is still debating the environmental
cost and economic gain. A severe drought event occurred in Sichuan and Chongging (upstream of the
reservoir) in 2006, followed by an unusual flood in 2007. Although it is unlikely that the newly built
project had such an immediate impact on climate, possible drought/flood events in the future have drawn
much attention from the public. Therefore, hydroclimatic research on the effects of this project will be
valuable for various stakeholders.

The resettled farmers, for example, would be concerned about precipitation changes. Resettlement
problems have long been documented in this historically isolated and underdeveloped region where
economic development is deterred by the harsh biophysical environment, overpopulation, and meager
capital input [Chau, 1995]. A large part of the Three Gorges region was found to have already exceeded
the population carrying capacity in 1985 [Gao and Chen, 1987]. This overcapacity problem is intensified
by a significant portion of people who migrated to other regions returning. As reported by many news
sources in 2009 (for example, as reported in

http://news.ifeng.com/mainland/200912/1217 17 1477933.shtml), people had problems adapting to the
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lifestyle far away from home with their limited skills and difficulty understanding the local language. It is
therefore a very difficult situation for the resettled farmers, given that the new areas for farming are both
limited in quality and quantity relative to the demand. Resettled farmers rely on their farms as the main
source of income. These new farms rely on precipitation as a major water supply since irrigation systems
are sparse and costly for the uphill terrace farms. A possible decrease in precipitation would further
exacerbate the agricultural production of the resettled farmers. An increase in precipitation in these areas,
however, would exacerbate landslide hazards in this mountainous region, especially as many forested
areas are replaced by farmland and constructions. All these concerns make it interesting and of practical
importance to examine the temporal patterns of precipitation and quantify if and how the project has
altered precipitation since the water level rose. It is also useful to resolve the spatial patterns to ascertain
how different regions will be affected with different precipitation trends.

While the Three Gorges Area is a research hotspot, little literature exists on the hydroclimatic effects
of the reservoir, partly because these effects are less apparent, unlike landslides or reduction in
downstream flow. A few previous observational and modeling studies have built a good foundation for
understanding the hydroclimatic effects of TGD, but due to insufficient data and the complicated
circulation patterns and topography of the Three Gorges Area, the influence of TGD on regional climate
remains unclear. Previous studies relied on limited sources of data, which are different from one another,
and they reached contradicting conclusions. Such disagreements highlight the need for more
observational and modeling research in this area.

Miller et al. [2005] performed two simulations, control and land use change, for an eight week period
(2 April — 16 May 1990) to determine the sensitivity of the local climate around the Three Gorges Dam.
Results indicated that strong evaporation was offset by sinking moist air diverging away from the region,
and no net change in precipitation was found (Fig. 1.2). They conceded that simulations at 10 km were
not fine enough and suggested that 1 km multi-year simulations were needed. Their simulations were
limited to the resolution of their model, accuracy of input data and reliability of parameterization. Wu et

al. [2006] examined the effect of the TGD on the regional precipitation around the vicinity of the TGD by



analyzing the Tropical Rainfall Measuring Mission (TRMM) Multisatellite Precipitation Analysis
(TMPA) rain rate data for an eight-year period (January 1998 to January 2006), and they concluded that
after the TGD water level rose abruptly, rain rate had increased in the northern part of the region between
the Daba and Qinling Mountains and had decreased in the vicinity of the TGD (Fig. 1.3). Their study
considered the climatic effects of the TGD at the regional scale (~100km) rather than at the local scale
(~10km). A quick analysis of the changes of TMPA rain rate for the two periods January 1998-January
2003 and January 2004-January 2009 is performed. Fig. 1.4 shows the resulted spatial pattern overlaying
topography heights. This pattern was hypothesized to be related to the effects of Three Gorges Dam~—
reservoir system. The first drawback of their study is that they did not use point-source observation data
to assess the accuracy of satellite data in this region. Also, the 2003 EI Nino likely affected the
precipitation variability in the region as well. Furthermore, a recent study by Xiao et al. [2010] pointed
out that the precipitation change observed before and after the reservoir filling might have been caused by
natural variability because a similar change of precipitation was observed before and after 1980 (Fig. 1.5).
Xiao et al. [2010] analyzed the decadal variation of annual precipitation in the vicinity of the TGD using
daily data from 27 rain gauges from 1960 to 2005, and they concluded that the variation in precipitation
around the TGD shown by Wu et al. [2006] is part of the natural interannual oscillation of precipitation.
However, the sparse observational records Xiao et al. used may not accurately depict climate conditions
in this region, because the point-sampling of rain gauges may not truthfully represent the spatial
distribution of precipitation in an area with complicated topography, which happens to be the case in this
region. Besides, their observed phenomenon might result from factors like instrumental errors,
interpolation methods and replacement of old rain gauges by new ones. Even if the pattern they observed
is accurate, it does not directly answer the unresolved question whether the TGD has any effects on
rainfall, or if the precipitation change is completely related to natural variation.

Obviously, previous studies could be more convincing if they had not relied on a single source of
data. The lack of consensus in previous research and the huge concerns on the TGD highlight the

importance of this study. Besides using a longer study period and multiple data sources, this study also



addresses the noticeable changes in water level of the Three Gorges Reservoir occurring in recent years.
In addition to two abrupt changes in 2003 and 2006, there are also seasonal variations. Unlike a natural
river in a region where rainfall is abundant in warm season, the water level of the reservoir is low in
summer and high in winter. During 2008-2010, the water level was approximately 145 m in summer and
170 m in winter, respectively. This variation results in fluctuation of water surface area and influences the
energy and water balance. This important but possibly under-addressed phenomenon will be analyzed in

this study.

1.2 Research Objectives
The primary objectives of this research are as follows:
1. Quantify the relationship between annual and seasonal water level change and the fluctuation of the

Three Gorges Reservoir area.

2. Assess the spatial-temporal trend of rainfall based on observation-verified TMPA data as water level
of the reservoir changes.

The first objective seeks to quantify the relationship between annual and seasonal water level change
and the fluctuation of the Three Gorges Reservoir water surface area. The water level upstream of the
dam has exhibited several jumps and stable stages since it was first monitored in 2002 (Fig. 1.6), and the
current management practice keeps the water level low in summer and high in winter, indicating varied
seasonal effects. It is hypothesized that there is some type of second-order polynomial relationship
between the area of Three Gorges Reservoir (TGR) and measured water level upstream of TGD. Based on
data from numerous reservoir/sedimentation survey reports from the U.S. Bureau of Reclamation

(http://www.usbr.gov/pmts/sediment/projects/ReservoirSurveys/index.html), the relationship is

formulated as
Y = ag + aX + agX?
where y is reservoir area, x is water level/elevation, a; is an intercept, and a2 and a3 are coefficients. To

simplify the problem and use fewer Landsat scenes, the reservoir area in this study is defined not to
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include the tributaries. Landsat images at five different stages are used to determine the respective
reservoir surface area, and the calculated reservoir areas at the five stages are then correlated with the
corresponding water level upstream of the dam.

The second objective is to assess the spatial-temporal trend of rainfall based on observation-verified
TMPA data as the reservoir changes. With this study, we provide the longest study record to date and
capture multiple El Nino cycles, which previous studies lacked. The hypothesis is that (1) the TMPA
estimates will be relatively well correlated with point-sources rain gauge estimates and (2) rain rate
decreases near TGR and increases in the climatological downwind direction as the reservoir expands.
NASA'’s Tropical Rainfall Measuring Mission Multisatellite Precipitation Analysis (TMPA) rain rate data
from 1998 to 2009 are used. This study is the first to verify the satellite estimates with rain gauges in this
region. After multiple verification procedures, an epoch analysis is designed to assess the regional
hydroclimatic effects of the dam. Monthly 700 hPa and 850 hPa geopotential height composite maps for
the 12 years are generated to assess the large-scale synoptic environment and primary wind direction. For
each month in the rainy season (April-October), the geopotential height map of each year is compared
with the composite of that month, and years with abnormal synoptic conditions (i.e., primary wind
direction not in the same quadrant with and 45 degrees away from that of the composite, position of high
and low height centers, etc.) are marked and excluded. Based on the water level data, the remaining years
are divided into three epochs: "pre-dam”, "post-dam™ and "post-dam 11" (post dam with further water
level rise while reaching the designated 175 m water level). Heavy rain days (top 25 percentile) and
moderate rain days (mid 50 percentile) for the whole area are selected from each epoch, and composite
analyses will be applied. Light rain days (bottom 25 percentile) mostly have an average rain rate below 1
mm d!, and satellite-based precipitation estimates at this magnitude of rainfall have a much larger
uncertainty (Tian and Peters-Lidard [2010]). Therefore, the composite of light rain days may not provide

reliable interpretations.



The hydroclimatic research on the effects of TGD has implications in many aspects. Previous studies
on this topic have shortcomings, and there is no consensus in their conclusions. This work seeks to
acquire a better understanding on the spatial-temporal changes of rainfall in the study area after the water
level rises. Also, the relationship between the upstream water level change and the fluctuation of reservoir

surface is examined.



Fig. 1.1. A Yangtze River village that is now underwater as the water level rose. It is on a small island of
the Lesser Three Gorges River which is a tributary of the Yangtze River. Photograph taken by Hershel

Gattis on July 7, 2005 (http://www.flickr.com/photos/tnwanderer/223645928/).
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Diff of B50mb Moisture Flux Divergence (1e—8 m/s) (Dam—Cnt)

Fig. 1.2. The 850 mb moisture flux divergence (10® m s™) difference between the change due to the

Three Gorges Dam and the control simulation (from Miller et al. 2005).
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Fig. 1.3. Time series of the difference of the TMPA rain rate between the region north of the Yangtze

River (31.0-34.0°N, 107.0-111.0°E) and the whole TGD area (28.0-34.0°N, 107.0-111.0°E). The

vertical line indicates when the TGD water level rose to 135 m (from Wu et al. 2006).
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Fig. 1.4. Changes of the TMPA rain rate (mm day™, contours) after the TGD water level rose to 135 m,
derived from the two five-year periods: January 1998-January 2003 and January 2004-January 20009.
Topography data is from the U.S. Geological Survey (USGS) 30-second global data set

(http://eros.usgs.gov/#/Find Data/Products and Data Available/GTOPQO30).
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Fig. 1.5. Difference of the mean annual precipitation (mm day™) derived from the two periods between

1981-1984 and 1977-1980. Black dots denote station locations (from Xiao et al. 2010).

12



180 —

160 —

140 —

120

100 —

Water Level (m

80

60 —

40

. | | ' |
0 20 40 60 80 100
Month (start from November, 2002)

Fig. 1.6. Monthly variation of the water level upstream of the dam from November 2002 to December
2009. Water level in each month is represented by the reading at 2 UTC on the 15" day of that month.
Data accessed online from the official website of China Three Gorges Corporation

(http://www.ctgpc.com.cn/en/index.php).
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CHAPTER 2

LITERATURE REVIEW

2.1 Precipitation

Anthropogenic influence on climate has drawn many concerns globally, and it is extensively
addressed in the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report
[Trenberth et al., 2007]. Most attention, however, is given to temperature change rather than precipitation
variation, because precipitation changes are much less spatially coherent and statistically significant
compared with temperature change [Alexander et al., 2006]. Over the 20th century, some regions have
seen an increase in annual precipitation, such as in the U.S. [Karl et al., 1995; Karl and Knight, 1998;
Trenberth, 1998; Kunkel et al., 1999; Easterling et al., 2007], Japan [lwashima and Yamamoto, 1993],
northwestern Australia [Rotstayn et al., 2009], South Africa [Mason et al., 1999] and northern Europe
[Scho'nwiese and Rapp, 1997; Farland et al., 1998]. Decreasing trends are evident in southern Europe
[Scho nwiese and Rapp, 1997], eastern and southwestern Australia [Murphy and Timbal, 2008; Taschetto
and England, 2009].

Changes in extreme precipitation events, however, are likely to increase and to be disproportionately
large (Fig. 2.1) compared to any change in the total precipitation if the shape of the precipitation
distribution does not change [Groisman et al., 1999, 2005]. Both climate models under enhanced
greenhouse conditions [Semenov and Bengtsson, 2002; May, 2008; Rocha et al., 2008] and observations
[Jung et al., 2002; Fuhrer et al., 2006; Ramos and Martinez-Casasnovas, 2006] suggest an increase in

heavy precipitation frequency over most areas [Trenberth et al., 2007].
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However, it remains a challenge to ascertain what precipitation changes may be the result of large-
scale climate changes associated with greenhouse gases, particularly when other forcing mechanisms

(e.g., land surface changes, monsoonal variability, aerosols, etc.) may be a factor too.

2.2 Monsoon and Aerosol Changes

There is consensus in recent literature that the East Asian summer monsoon has weakened since
the end of the 1970s [Wang, 2001; Ding et al., 2008, 2010]. This change in monsoon regime has been
linked with the inter-decadal variability of precipitation in East Asia [Jiang et al., 2007]. Prolonged
droughts occurred in North China and, at the same time, marked flooding conditions occurred in the
Yangtze River basin and South China in the period from the end of 1970s to the beginning of the 21°
century, and the rainfall regime underwent an abrupt shift in late 1970s. This monsoon-rainfall
relationship is likely explained by the significant weakening of northward moisture transport and
convergence of the East Asian summer monsoon since 1978. As a result, there is a large deficiency of
moisture supply for precipitation in North China, and major moisture convergence, which induces more
precipitation in South China including the Yangtze River basin [Ding et al., 2008].

The monsoonal change has been associated with several mechanisms. The first one invokes the
inter-annual and inter-decadal variations on the sea surface temperature in the Pacific and Indian Ocean
[Ju and Slingo, 1995; Hu, 1997; Weng et al., 1999; Chang et al., 2000; Yang and Lau, 2004]. Another
physical explanation is the correlative relationship between the Tibetan Plateau winter and spring
snowpack and the Asian summer monsoon circulation and rainfall [Zwiers, 1993; NCC, 1998; Liu et al.,
2003, 2004; Qian et al., 2003; Wu and Qian, 2003; Zhang et al., 2004]. Since the late 1970s, the
significant inter-decadal increase in sea surface temperature anomaly has greatly reduced the land-sea
thermal contrast between the Asian land area and tropical Pacific and Indian oceanic regions. At the same
time, the rapid increase in the preceding winter and spring snowpack over the Tibetan Plateau has
considerably reduced the atmospheric heating over the large-scale land area in the subsequent spring and

summer, due to increased albedo and less solar radiation absorbed at the surface. The combined effects
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lead to significant reduction of the land-sea thermal contrast and the tropospheric meridional and zonal
temperature gradients in the Asian monsoon region, which is responsible for weakening of the Asian
summer monsoon, as illustrated in Fig. 2.2 [Ding et al., 2009].

Research on aerosol effects on precipitation in East Asia has been limited, and the influence of
aerosols does not seem to be as large as that of the monsoon. Only a few modeling studies investigated
the direct effects (radiative forcing) of black carbon aerosol changes on precipitation in East Asia [Wu et
al., 2008, 2009], and the simulation results (precipitation increases in most North China and deceases in

South China) contradict recent trends of flooding in the south and drought in the north.

2.3 Land Surface Effects on Atmosphere

Precipitation patterns in different regions are affected by variant human activities. Land Use/
Cover Change (LUCC) is a major anthropogenic influence, and its biogeochemical and biogeophysical
impacts have been well documented [Feddema et al., 2005; Mahmood et al., 2010]. Ray et al. [2009]
states that land cover conversion results in atmospheric changes because the dynamic, thermodynamic,
and radiative processes that couple the Earth surface with the atmosphere are land cover specific. LUCC
is highlighted as a major climate forcing by the National Research Council [2005]. It is even considered
as a first order forcing, at least as large as the radiative effect of the human addition well-mixed
greenhouse gases [Pielke et al., 2007].

Various field programs have been undertaken with a focus on land surface-atmosphere interactions in
places like the U.S., Canada, Europe, Africa and the Amazon region [Pielke et al., 1997]. Recent papers
have examined such topics as conversion of forest to farmland [Bounoua et al., 2000], conversion of
grassland to agricultural land [Chase et al., 1999], conversion of natural vegetation to urban and
agricultural land [Pielke et al., 1999; Shepherd et al., 2010] and aforestation [Jackson et al., 2005].
Modeling is often used to assess the influence of LUCC on the regional hydroclimate (See Fig. 2.3 for
example), but the accuracy of such work is affected by the accuracy of initial and boundary condition

including land cover. This, unfortunately, is not easy to acquire due to the rapid change of land cover and
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lack of adequate data. Robust accuracy assessment is only found in a few studies, and the literature
suggests that detailed atmospheric information is more crucial in improving simulation accuracy than land
cover information [Ray et al., 2009]. Moreover, the same type of conversion can have different impacts

on different regions [Pielke et al., 2007], making it more difficult for modeling efforts.

2.4 Dams and Their Effects

Dam construction on rivers is an important human activity, which dates back to 5000 years ago in
Jordan [Garbrecht, 1986]. Around the world, the World Commission on Dams (WCD) reports that there
have been at least 45,000 dams built since the 1930s, and half of the world’s rivers have at least one dam
[WCD, 2000]. Dams and their impounded reservoirs can trigger a series of LUCC. More land may be
brought under irrigation, natural vegetation may be converted to agricultural land due to inundation of the
reservoirs, and the downstream regions may become more urbanized due to a reduced risk of flooding and
possible migration [Hossain et al., 2010]. Some of these effects have impacts on local energy and
moisture balances.

Observed data and modeling studies support the notion that atmospheric moisture added by irrigation
can alter precipitation distributions if mesoscale conditions are appropriate [Stidd, 1975; Barnston and
Schickedanz, 1984; Lohar and Pal, 1995; DeAngelis et al., 2010]. If dam-driven land cover change can
trigger changes in precipitation patterns, then it will mostly likely also change the patterns of extreme
precipitation [Avissar and Liu, 1996]. Related studies on the mechanisms with which large dams affect
extreme precipitation patterns are summarized in Hossain et al. [2009] (Fig. 2.4). Eltahir and Bras [1996]
described the notion of precipitation recycling that after water vapor evaporates from the surface, part
would be transported away, and the remainder would be recycled back to the surface of the region from
which it was then evaporated in the form of precipitation. Precipitation recycling depends on the
probability of precipitation being recycled from local evaporation, a factor that increases with the size of
the region or the basin. When it comes to water level rise in a large river basin, the effect of precipitation

recycling on the rainfall regime cannot be ignored. After dams impound large reservoirs, it is physically
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plausible that the increased evaporation from the open water surface might alter both average and extreme
precipitation patterns through a feedback mechanism of the precipitation recycling.

Another important mechanism is local circulation over reservoir water and adjacent land, which is
similar to the process shown in the sea/lake breeze schematic diagram (Fig. 2.5, Sills [1998]). Various
types of sea/lake breeze-like local circulations are summarized in Segal and Arritt [1992], including
irrigation and vegetated land. The difference in sensible heat fluxes is speculated to be the reason for the
sea/lake breeze thermal forcing in early studies [Arritt, 1987]. In summer, a large land-water temperature
difference develops within the lower atmosphere and the corresponding pressure gradient produces the
local circulation. Air over the reservoir is cooler and subsidence dominates. Therefore, sinking air over
reservoir creates a local high pressure, and the air would diverge away from water surface. The cool air
would push the warm air as it advances into land and generates updrafts at some distance from water. As
a result, precipitation could be suppressed over the water surface and enhanced over land at some distance
away from water.

In reality, the lake breeze effect described above may interact with other mechanisms (topography,
large-scale flow, etc.). As a result, previous observational studies did not find a consistent lake breeze
induced pattern. Contrary to Scott and Huff’s [1996] conclusions regarding the Great Lakes, rainfall over
Lake Victoria in East Africa is higher than surrounding land areas from TMPA estimates, which is
consistent with modeling results [Anyah et al., 2006]. The rainfall increase over Lake Victoria is
attributed to the enhanced over lake evaporation. Another study investigated the impact of the Itaipu Lake
(artificial reservoir on the Brazil-Paraguay frontier, approximately 170 km long and 7.5 km wide) on the
climate and local circulations. It concluded that the temporal pattern of the precipitation over the region
does not indicate any consistent modification in the rain regime after the lake formation [Stivari et al.,
2005]. They did, however, find the presence of a local circulation with lake breeze characteristics
showing horizontal wind divergence over the lake during daytime and convergence during nighttime from

the surface wind data.
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Modeling simulations have provided a partial explanation for the observed case-specific lake breeze

effects. In a recent review of numerical studies on sea/gulf/lake/river breezes (referred to as sea breeze in

section 2.4, in consistency with the cited literature), Croseman and Horel [2010] listed ten geophysical

variables affecting the characteristics of sea breezes. The fundamental driver of sea breezes is the

differential sensible heating between the land and water surfaces. Variations in land-surface sensible heat

flux, background geostrophic wind, and atmospheric stability have a pronounced effect on the intensity of

sea breezes at a given location. Water body dimensions, Coriolis force, terrain height and terrain slope

may explain differences in sea breezes around the world. The impacts of shoreline curvature, roughness

length and atmospheric moisture on sea breezes are generally smaller. Influences of some of the various

factors on the areal extent (inland penetration) of sea breeze effects are listed below:

Increasing the land surface sensible heat flux tends to increase the overall intensity of sea
breezes, which acts to increase the inland penetration of sea breezes. However, as the land-
surface sensible heat flux increases, turbulent convection also increases, which acts to
destroy the thermal gradient along the sea-breeze front. This process, known as turbulent
frontolysis, decreases the inland penetration of the sea-breeze front through a weakening of
the horizontal temperature gradient during peak daytime heating and increasing drag
[Simpson et al., 1977; Abbs and Physick, 1992; Ogawa et al., 2003].

Sea-breeze characteristics may also be weakened or strengthened by interactions (e.g.,
frictional retardation, thermal coupling) with an urban heat island circulation. The size of the
urban area, distance between the urban area and the coast, and surrounding topography
modulate these highly variable (in both sign and magnitude) interactions [Yoshikado, 1990;
1992; Kusaka et al., 2000; Ohashi and Kida, 2002; 2004; Lemonsu et al., 2006; Freitas et al.,
2007; Thompson et al., 2007; Cheng and Byun, 2008; Dandou et al., 2009; Shepherd et al.,
2010].

Lakes in deep valleys may be more sensitive to lake temperature variations due to

interactions between boundary-layer stability and topography [Segal et al., 1983].
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For offshore geostrophic flows of 1-2 m s, inland penetration is on the order of 50 km,
while inland penetration is on the order of 10 km for offshore geostrophic flows of 4-5 ms™
and onshore penetration occurs later in the afternoon [Arritt, 1993; Tijm et al., 1999; Porson
et al., 2007a].

Increasing stability leads to slightly weaker winds near the shoreline and increased inland
extent [Walsh, 1974; Rotunno, 1983].

Little is known about the dependence of inland penetration on the magnitude of the water
body dimensions except that smaller water body dimensions tend to lead to smaller inland
penetration [Physick, 1976; Zhong et al., 1991].

Topography can enhance sea breezes through elevated heating and cooling, which drives
slope flows that combine with sea breezes, or suppress them by mechanically blocking the
onshore flow [Atkinson, 1981; Abbs and Physick, 1992]. Porson et al. [2007b] were the first
to systematically vary atmospheric stability, slope angle and slope length. They found that
inland penetration is highly dependent on both terrain slope and atmospheric stability. A
secondary effect of topography on sea breezes is channeling, which can locally enhance
inland penetration [Abbs, 1986; Abbs and Physick, 1992; Segal et al., 1997].

The effect of the Coriolis force on late afternoon sea-breeze strength is significant (Coriolis
effects are minimal through the early afternoon hours), and increases with increasing latitude

[Yan and Anthes, 1987].

Because all or some of these factors would be largely different in different regions, the seemly

inconsistent effects in observations could be readily reconcilable. Despite the extensive number of

scientific studies devoted to understanding the influence of geophysical parameters on sea breezes, gaps

remain, and are largely due to numerical and computational limitations such that a limited range of

parameter values have been examined [Crosman and Horel, 2010]. Nonetheless, numerical studies have

the advantage of directly examining sea breeze effect, and researchers continue to conduct region/case-

specific simulations in recent years [Stivari et al., 2003; Tomassetti et al., 2003; Anyah et al., 2006].
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2.5 Background of Three Gorges Project

The idea of building a large dam across the Yangtze River originated in the 1950s. Since the
National Congress of China officially approved the Three Gorges Project (TGP) in 1992, the Three
Gorges Area has seen many debates and rising concerns in a variety of fields. The influence of this
project is felt on the natural and social environments in the reservoir area. In addition to inundating 19
towns and counties (Fig. 2.6) and 24,000 hectares of arable land, the project destroyed a tourist region not
unlike the Grand Canyon in the U.S. [Gwynne and Li, 1992]. Over a million people had to move away
from fertile farmland, and some resettled in much less desirable areas nearby. This change would have
serious secondary environmental impacts [Tan and Yao, 2006]. The project fragmented large, continuous
habitats into smaller patches. It reduced biodiversity, changed ecological processes like nutrient and water
cycling, and eventually will cause irreparable ecological damage [Edmonds, 1992; Shen and Xie, 2004].
Other issues include the sedimentation problem, reservoir induced earthquakes and landslides [Wang,
2002]. Despite the huge debates and reported negative effects, the Three Gorges Dam (TGD) was
eventually built for the purpose of hydroelectric power generation, flood control and navigation.

There has been a huge ongoing interest in hydroelectric power in China for about 30 years.
Although the U.S. has the largest number of dams in the world, China is now the largest producer of
hydroelectricity (followed by Canada, Brazil and the U.S.), and untapped hydroelectric power resources
are still abundant in southwest China. While net hydroelectric power generation decreased in the U.S.
compared to 30 years ago, there has been a sevenfold increase in China during the same time (Energy

Information Administration, http://www.eia.doe.gov/emeu/international/electricitygeneration.html). With

a total installation of generating capacity of 18,200MW, and an average annual output of 84.7 trillion watt
hours, Three Gorges Project is the largest hydropower plant in the world. (TGP claimed that title from the
Itaipu power plant, jointly owned by Brazil and Paraguay.) It was planned to supply electricity to east,

central and south China where 600 million people live [Wang, 2002].
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Besides producing hydroelectricity, dams are considered very important for flood prevention. In
China, flood events occur almost twice every year, and an area of about 90,000 km is affected each year.
Previous studies have also shown that the frequency of extreme events may have increased in recent
decades in various regions across China [Zhai et al., 2005]. These events are most pronounced in the
Yangtze River Basin, which is characterized by a typical monsoon climate. As the Yangtze River flows
from west to east, the transmeridional rain belt (which moves from south to north, then moves back south
in China from April to October) stalls and causes heavy rainfall. The huge river system receives water
from all flanks and the water level rises rapidly. Meanwhile, the relatively dense and urbanized
population along the river makes the floods more deadly and costly [Zhu, 1999]. With about 22.15 billion
m? of flood control storage capacity in TGR, the flood risks in the downstream areas are greatly reduced
[Wang, 2002].

The TGD significantly increases both reliability and capacity of the 660 km long waterway from
Yichang City to Chongging Municipality, resulting in a direct stimulus to economic growth [Peng et al.,
2010]. It is possible now for 10,000 tons of barge fleet to sail directly to Chongging harbors. It is
estimated to increase annual one-way navigation capacity from 10 million tons to 50 million tons, and

decrease navigation cost by 35-37% [Wang, 2002].

TGP has profound influence in many aspects. The research on this large project contributes to
previous research on the effects of land surface change on the atmosphere. Recent literature suggests that
there are no major shifts in monsoon or aerosol over this region in the first decade of the new century.

Therefore, it is easier to observe the possible effects of TGP on precipitation.
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Fig. 2.1. Regions where disproportionate changes in heavy and very heavy precipitation during the past

decades were documented compared to the change in the annual and/or seasonal precipitation (from
Easterling et al. 2000, substantially updated). Thresholds used to define heavy and very heavy
precipitation vary by season and region. However, changes in heavy precipitation frequencies are always
higher than changes in precipitation totals and, in some regions, an increase in heavy and/or very heavy
precipitation occurred while no change or even a decrease in precipitation totals was observed (from

Groisman et al. 2005).
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Fig. 2.2. Schematic diagram of the possible cause of weakening of the Asian summer monsoon. The
anomalously strong (weak) Asian summer monsoon condition is illustrated by (a) and (b), respectively.
Shaded areas indicate abundant snow, high sea surface temperature anomaly, intense atmospheric heating

and ample precipitation. Bold arrows represent the summer monsoon airflow (from Ding et al. 2009).
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Fig. 2.3. Numerical simulation of orographic cloud formation for three lowland deforestation scenarios in
Northern Costa Rica: a) pristine forests; b) current land-use; ¢) complete deforestation of the lowlands.
East-West cross sections of cloud water mixing ratio, simulated by the Regional Atmospheric Modeling
System, show orographic cloud bank formation at lower elevation when there is forest cover in the

lowland areas (from Nair et al. 2006).
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Fig. 2.4. (a) Schematic conceptualization of man-made alteration of extreme precipitation by a reservoir
(from Eltahir and Bras, 1996). The dashed line through the circle represents the land-atmosphere

interface. (b) Graphical depiction of the alteration in extreme precipitation frequency due to dams (from

Hossain et al. 2009).
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Typical Lake Breeze Characteristics
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Fig. 2.5. Idealized illustration of a typical lake breeze circulation and its associated front. Common
features are labeled. The dashed line represents the outer boundary of the inflow layer. The frontal zone is

not shown to scale (from Sills 1998).
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Fig. 2.6. (a) Two sections constituting the Three Gorges reservoir area: Chongging and Hubei. (b)

Various cities and counties in the reservoir section, some of which are completely submerged and others

affected by the construction of the Three Gorges dam (from Tan and Yao 2006).
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CHAPTER 3

RESEARCH DESIGN AND METHODOLOGY

3.1 Study Area and Period

The Three Gorges Reservoir region is located in the middle part of the Yangtze River Basin. It has an
area of about 56 000km? and stretches along the Yangtze River from the Jiangjin District of Chongging to
Yichang City of Hubei (refer to Fig. 2.6). The elevation ranges from over 1000 m to 50 m in the east. The
mountainous areas are located in the middle of the region, while other parts of the region are mostly hilly
areas, with a few plains (refer to Fig. 1.4). The area is dominated by a subtropical monsoon climate, and
precipitation varies both in time and space. Mean annual precipitation is 1200 to 1400 mm in the middle
mountainous areas, and 900 to 1100 mm in the hilly and plain areas. About 85% of annual precipitation
falls from April to October, more than half of which falls from May to July. A previous climatological
study on this region found that summer (JJA) precipitation and heavy rain (>25 mm day™) near the
reservoir are significantly correlated with the ridge position and intensity of the West Pacific Subtropical
High [Fang et al., 2010] (Fig. 3.1).

The Three Gorges study area is defined in the vicinity of TGD (28-34°N, 106-112°E). The area is
chosen to position the reservoir in the middle and to include major adjacent topographic features that
might interact with the reservoir in precipitation processes. This study area is identical to previous studies
by Wu et al. [2006] and Xiao et al. [2010], which makes it convenient to compare with their results. Daily
precipitation data from 34 China national meteorological monitoring stations (including the 27 stations
used in Xiao et al. [2010]) in the area provide sufficient coverage for TMPA rainfall validation purposes

in this research. The time period for this study spans 1998-2009 in accordance with available TMPA data.
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It is the longest study record to date, and the 2003 abrupt water level rise occurred in the middle of this

period. This time period also allows an epoch analysis with several years in each epoch.

3.2 Water Level and Landsat Data
3.2.1 Water Level

Hourly water level data of the reservoir measured upstream of the dam from November 2002
until now are available online from the website of China Three Gorges Cooperation

(http://www.ctgpc.com.cn/sx/sqsk.php). This state-owned cooperation posts various hydrological

information of the reservoir on its website, and a query of water level upstream of the dam at any time
(hourly) since November 2002 could be easily performed (Fig. 3.2). The readings at 2 UTC (about the
time when the Landsat satellite passes over this area) on the 15" day of each month are first retrieved to
identify periods of relatively stable water level. Precautions are taken for months with drastic water level
changes. Table 3.1 categorizes the time periods for the five different water levels determined for reservoir
area interpretations from Landsat images (until May 2010).

Table 3.1 Five stages of water level upstream of the dam

Stage Water Level Periods

1 68.15-77.35 m Before 5/2003 (water level measurements started after 11/2002)

2 135.10-138.94 m 6/2003 - 9/2006

3 145.61-148.76 m 5/2007-9/2007, 5/2008-9/2008, 6/2009-9/2009

4 150.75-156.9 m 10/2006-4/2007, 10/2007-4/2008, 10/2008, 5/2009, 3/2010-5/2010
5 166.53-172.45 m 11/2008-2/2009, 10/2009-1/2010

3.2.2 Landsat Imagery

Landsat images are appropriate for the study due to the distinct character of the reservoir, which is
over 600 km long but quite narrow. After the impoundment, it is on average over 1 km wide. The ideal
data source would cover the whole reservoir with a few scenes while having adequate resolution to

resolve the narrow reservoir width. Images like MODIS would be so coarse spatially that the width of the
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reservoir only equals to two or three of its pixels. On the other hand, it would require too many scenes for
data with higher spatial resolution to cover the reservoir. Besides, these sources usually suffer from poor
temporal resolution thus reducing the chance of having cloud-free images (especially considering the
cloudy nature of the region) in a time window as small as seven to eight months (Table 3.1). Landsat
images have a nice balance of temporal and spatial resolution. Spatially, the 1 km width equals to 40
pixels in the Landsat data. Temporally, the 16-day return period allows a better choice of cloud-free
images. Furthermore, Landsat images could be freely obtained, and they have been widely used in land
cover studies [to gives some examples, De Fries et al., 1998; Vogelmann et al., 1998; Kiage et al., 2007;
Ruelland et al., 2008; Xian et al., 2009].

This analysis relies on Landsat ETM" data from 2000 (before the abrupt water level rise in 2003,
water level is relatively constant in similar seasons) to 2010 to interpret the areas of Three Gorges
Reservoir at five different water level stages. Six scenes of Landsat data are selected to cover the whole
reservoir (Fig. 3.3, labeled by path/row identifiers). The Landsat data are retrieved from Landsat archive

(Landsat 7) using the USGS Earth Explorer (http://edcsns17.cr.usgs.gov/EarthExplorer/). A problem with

Landsat is that on May 31, 2003, the Scan Line Corrector (SLC) failed, which had compensated for the
forward motion of Landsat 7. As a result, there are data gaps (shown as black strips) with width that
increases toward the scene edge on the images afterwards (Fig. 3.4). The maximum width of data gaps

along the edge of image is approximately 390 to 450 meters

(http://landsat.usgs.gov/products_slcoffbackground.php). To correct this problem, one or two additional
scenes with similar water level are used in addition to the images for classification. The data gaps of the
classification images and correction images need to have minimum overlap. Mask files are acquired for
the data gaps. These files are applied on the correction images, and after that the resulted strips are
mosaiced with the classification images to create nearly seamless images for reservoir extraction. Cloud-
free (or minimal cloud, here a scene is considered “cloud-free” if there is no cloud covering the reservoir,
because only the reservoir area is of concern) scenes are chosen both for extracting reservoir area and

filling in SLC-induced gaps. Overall, five sets of 30 images are used for area extraction and another 30 or
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more images for gap correction. If there is no cloud-free image available for any scene, a cloud-free scene
with the closest water level is used instead. Such replacements are made only twice out of 30 images. The
scenes that are replaced are far from the dam, and they are expected to have a small impact on the
extracted area. Table 3.2 lists all the images used for area extraction.

Table 3.2 Dates of all Landsat Images used for reservoir area extraction

Path/Row
Stage P125R39 P126R38 P126R39 P127R39 P128R39 P128R40

1 12/30/02 11/03/02 11/03/02 11/04/00 03/25/03 04/02/03
2 08/27/03 10/21/03 08/02/03 04/24/05 07/31/03 04/02/06
3 09/28/09 07/01/09 08/18/09 09/10/09 09/01/09 09/01/09
4 11/07/06 10/13/06 10/13/06 05/21/09 10/11/06 10/11/06

5 01/15/09 01/22/09 01/22/09 11/10/08 10/11/06 10/11/06

*

* No good cloud-free images available. Use previous stage’s images as replacements.

3.3 Precipitation Data
3.3.1 Ground Observations

Thirty-four China national meteorological monitoring stations within our study area have been
selected, six of which are located along the Yangtze River. The datasets are from the official source of the
homogenized dataset of China Meteorological Administration’s National Climate Center (CMA NCC),

and they are available on the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/).

The daily precipitation is recorded by manual observations at 6-hour intervals. The error of the rain-gauge
data is less than 0.1 mm, which would not affect the validation purpose of this study. Further details of
quality control, instrumentation used and data processing are given in Appendix A. Daily values from
1998 to 2009 for all stations are used for validation, and there are no missing data or changes of site
location in this time period. Daily values from 1961-1990 are used to construct a climatology. Note that
even when aggregating satellite data into 1-degree cells, the goal of having at least one station in each

grid cell is still not satisfied. Obviously, satellite estimates of rainfall would be useful in this poorly
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gauged region. For the validation purpose, a Thiessen-polygon based approach (discussed in 3.5.2) is
used to compensate for the number of available rain gauges.
3.3.2 TMPA Estimates

Satellite-based daily rainfall amounts from NASA’s Tropical Rainfall Measuring Mission (TRMM)
Multisatellite Precipitation Analysis (TMPA) from 1998 to 2009 are acquired from NASA's Goddard

Earth Sciences Data and Information Services Center (GES DISC, http://mirador.gsfc.nasa.gov). TMPA

is a 3-hourly, 0.25-degree (~25 km) product described in Huffman et al. (2007). This study employs the
merged TMPA_3B42 3-Hourly and TMPA_3B43 monthly version of the TMPA, composed of available
microwave (e.g., TRMM microwave imager, Special Sensor Microwave Imager (SSM/I), Advanced
Microwave Scanning Radiometer (AMSR) and Advanced Microwave sounding Unit (AMSU)) and
calibrated infrared (IR) estimates.

Note that the merged products like TMPA are so relatively new that there is a lack of inter-
comparison/validation studies in the literature. This makes our study a valuable contribution in itself.
Hand and Shepherd [2009], in a 9-year study around the Oklahoma City, showed that satellite
precipitation estimates capture spatial rainfall variability as well as traditional ground-based resources of
the Oklahoma mesonet. However, TMPA estimates may not perform equally well in different regions.
For example, low values of rain rates in interior tropical Africa, central Asia, and the Great Plains in the
U.S., as well as higher values in equatorial Amazonia and along the southwestern coast of India are
consistent with known issues with microwave-based estimates in those regions [Huffman et al., 2007]. It
would be interesting to know how well/poorly the TMPA estimates perform, and if the bias is
underestimation, overestimation, or mixed in the study area. Herein, we describe a research version of the
TMPA that contains a gauge adjustment. The gauges used for the adjustment may contain some of the
gauges used for validation in this study, which would influence the correlations between TMPA and
gauge estimates. The gauge adjustment is included in the TMPA for the very reason of improving the
product and extending it spatially where gauges are not present. It is worth noting that there is also a real

time version of TMPA available for more immediate analysis, and it does not contain a gauge adjustment.
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The resolution of the gauge network is coarse (e.g., the 2.5° Global Precipitation Climatology Center
monthly gauge dataset described by Rudolf et al. [1994]), and so it would be encouraging if, even with

this coarse adjustment, our results using 0.25° data products are still accurate.

3.4 NCEP Data

National Centers for Environmental Prediction (NCEP) Reanalysis data are used to determine the
large-scale atmospheric condition for each month. The NCEP/NCAR Reanalysis 1 project is using a state-
of-the-art analysis/forecast system to perform data assimilation using past data from 1948 to the present
(Kalnay, 1996). For this study, monthly 700 hPa and 850 hPa geopotential height (GPH) fields are

obtained from the NOAA/OAR/ESRL PSD (http://www.esrl.noaa.gov/psd/). It is assumed that the

synoptic condition of an individual year is not anomalous if its 700 hPa and 850 hPa GPH are similar with
the 12-year composites. 700 hPa and 850 hPa GPH were considered to be adequate to portray large-scale
atmospheric features [Camberlin, 1997], and they could be used to estimate low level primary wind

direction.

3.5 Research Methodology
3.5.1 Reservoir Extraction
The purpose of correlating water level with reservoir area is to use the high temporal resolution water
level data to estimate reservoir area at an hourly timescale, which would be valuable for future modeling
simulations. The assumption is that for the same water level at different times, the reservoir area would be
constant. This assumption seems valid because there are no major landform (bank shape) changes
adjacent to the reservoir over the past few years. This assumption allows for a larger selection of cloud-
free images within each time frame for different water level stages. The results of reservoir area
interpretations could be merged to retrieve the whole reservoir area related to a certain water level stage.
For area extraction, images are first preprocessed in Erdas Imagine 9.3 to address the SLC problem,

and the procedures include layer stack, subset image, histogram equalization, mask and mosaic. Although
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the color display between the classification and data gap correction images is not balanced or uniform, the
differences are shown to be insignificant for the classification of water. After preprocessing, the nearly
seamless subset images containing the reservoir area are classified using Feature Analyst (FA) in ArcGIS
9.3. Feature Analyst’s machine learning approach to automated feature extraction incorporates software
agent technology which “learns” to find features like hydrology, vegetation, and other land cover features
based on user-specified examples. The software provides object-specific feature capture technology using
spatial context and advanced machine learning techniques that allow controlling of feature extraction
process rather than using hard-coded rule base (FA manual,

http://www.featureanalyst.com/feature analyst/publications/manuals/FA 4.2 RELEASE/FA 4.2 Refere

nce_arc_040908 RELEASE.pdf). These features enable the software to fully utilize the spatial and

spectral information to extract the river-shaped reservoir well. Feature Analyst based classifications of
water body are processed after creation of training sets including polygons, which represents the shape
and spatial distribution of the reservoir. Then the classified reservoir polygon in each scene is manually
modified to make the result more accurate. After that, the classified reservoir polygon has accuracy
comparable with what could be achieved by hand digitizing, and no further evaluation is necessary. An
example of a classified image is shown in Fig. 3.5. Once all six parts of the reservoir polygon at one stage
are obtained, they are merged together to get the full extent of the reservoir. In this study a narrow
definition of the Three Gorges reservoir is employed. The tributaries of the reservoir are cut because of
the limited coverage of each scene, although they do expand as the water level rose. The premise here is
that the expansion of the tributaries is proportional to that of the main stream. Therefore, the reservoir
area extracted from the main stream could represent the overall effects of the reservoir including the
countless tributaries. The longitude of 106°E is chosen as the left border of the reservoir to match the
study area extent. The water level rise has negligible effects on the Yangtze River channel upstream (west)
of 106°E.

The exact water level is consulted online for the date of each scene used at 2 UTC (about the time

Landsat images are captured). Then the approximate mean water level for each set of scenes is calculated
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taking into account the relative portion of reservoir area in each scene. In this way, five water level-
reservoir area data pairs are determined. Then in Microsoft Excel 2007, linear, power, exponential,
logarithmic and second-order polynomial trend line fittings are performed, to determine the best
description for the water level-reservoir area relationship.

3.5.2 Validation of TMPA

It is hypothesized that the TMPA estimates will be relatively well correlated with point-source
rain gauge estimates. The region is poorly gauged in the first place. Even if there are many more gauges,
point-source gauge methods may not be appropriate for analysis of spatial distributions of rainfall, which,
unlike temperature or moisture fields, tends to be highly variant. The point-source/area-average problem
is well known in precipitation remote sensing communities and is an ongoing area of research [for
example, Hand and Shepherd, 2009].

Comparisons between satellite-estimated precipitation and rain gauge data have typically used
linear regression analysis as the main analytic tool for assessment [Barrett et al., 1994]. Multiple
validations are performed to examine the quality of TMPA estimates both temporally and spatially. The
first set of correlation analyses are conducted for this study to establish the relative accuracy of areal
average point-source (gauge) versus areal average satellite (TMPA) rainfall estimates. Areal averages of
both estimates for the 144 months from 1998 to 2009 within the 6°x6° latitude-longitude region are
calculated. For TMPA estimates, rainfall per month is averaged from the 576 data grids (0.25°%0.25°
grids). For gauge estimates, averages are derived from all 34 gauges. Then Pearson’s correlation between
the 144 data pairs is calculated. In addition to TMPA’s performance throughout the year, the 144 pairs are
divided into four groups by season, and seasonal correlations are examined. Compared with other
validation studies [Hand and Shepherd, 2009], a possible shortcoming of this approach is that the large
study area would inflate correlation coefficients for these highly-aggregated data. One possibility is that
the study area could be divided into sub-regions which have distinct precipitation patterns. TMPA data
might have large positive biases in some sub-regions and negative biases in some others, and these biases

might cancel out and result in high correlations for the average values of the whole study area. Thus it is
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important to divide the whole area into sub-regions within which the rainfall characteristics are similar,
and then compare the areal averaged TMPA estimates with gauge estimates in each sub-region. The
empirical orthogonal functions (EOFs) obtained from the annual standardized 12-year TMPA
precipitation data (576 0.25°x0.25° data grids) allow recognition of the sub-regions with different
precipitation regimes. EOF analysis is an efficient method widely used in research areas including
atmospheric science (please see review by Hannachi et al. [2007] for more information). For this study,
EOF analysis is used only for the purpose of determining sub-regions. The daily scale cumulative rainfall
and frequency distributions of occurrence of daily rainfall for the whole region are also compared.

The next set of correlation analyses aim to examine how accurate TMPA estimates are spatially.
It is most convenient to divide the whole area into 36 1°x1° cells which is close to the number of rain
gauges. In studies where multiple rain gauges are contained in one cell (Hand and Shepherd 2009), their
approach is to average the stations within each cell. However, this approach could not be replicated here
since there are only 34 gauges. An alternative and possibly better approach is to use the Thiessen Polygon
method [Thiessen, 1911], which is also adopted in Han et al. [2010], to divide the whole region into
polygons surrounding the rain gauges. This method first connects all the rain gauges by dashed lines (Fig.
3.6). Next, perpendicular bisectors of the straight lines are constructed. The bisectors meet at a common
point inside or outside of the triangle. The resulting polygons around each rain gauge are known as the
Thiessen polygons [Bedient and Huber, 2002]. By using this approach, each rain gauge would be in the
center of the polygon surrounding it. In this way, the whole region is separated into many polygons, and
any place in each division is closer to the central rain gauge than any other gauges. In other words, each
of the 34 gauges would be best to represent the precipitation in its surrounding polygon area. Then the
polygons are overlaid on the 1°x1° grids (Fig. 3.7), most cells are covered by several parts of the
polygons surrounding different rain gauges. As a result, each TMPA 1°x1° grid could be related with one
or more rain gauges. TMPA data are resampled to each 1°x1° cell, and the related 1°x1° area-weighted
average rain gauge data are derived. Annual and seasonal averages from 1998 to 2009 are calculated for

each cell for the two data sources. Scatter plots of mean monthly rainfall estimates from the 36 TMPA
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1°x1° grid cells versus the corresponding estimates from the gauge stations for all seasons are prepared to
determine how well (or poorly) the rainfall distribution from the TMPA data performs.
3.5.3 Determining Epochs

The epoch analysis seeks to examine the precipitation changes when all influencing factors other
than the reservoir surface area are held similar. Ideally, this approach would replicate modeling
simulations, and the “true” results instead of uncertain modeling output would be observed. It is obvious
that the replications could never be perfect, but it is the goal of this study that the epochs would be
determined as similar as possible in other conditions. First, the study focused on the rainy season in this
region, which is objectively determined by analyzing the distribution of monthly rainfall in both sub-
regions and the whole region, using 1961-1990 gauge data as an indication of regional climatology.
Results show that rainfall peaks earlier in the south sub-region than the north, which is associated with the
south-to-north shifting of the transmeridional rain belt in early rain season. Overall, April to October
seems to be a proper definition of the rainy season for the whole region, comprising 85% precipitation
(Fig. 3.8). Epoch analyses are performed for each month in the rainy season. Determined from the water
level plot (refer to Fig. 1.6), the two abrupt water level jumps in 6/2003 and 10/2006 divide the 12 years
into three periods: “pre dam” (1/1998-5/2003), “post dam” (2003.6-2006.9) and “post dam 11" (10/2006-
12/2009). Take July as an example, the 12 Julys in 1998-2009 are initially divided into three epochs:
1998-2002, 2003-2006 and 2007-2009. Depending on the water level data, other months may have
different divisions of epochs. After the initial division, the next step is to keep the large-scale condition
similar within each epoch. 700 hPa and 850 hPa geopotential heights (GPH) are good indications for the
synoptic condition. The average GPH for July (Fig. 3.9) is easily composited using the online composite

tool (http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl). Then the 700 hPa and 850 hPa

GPH of each of the 12 Julys are compared with the average July GPH. A July is included in the epoch if
the primary wind direction inferred from the GPH falls in the same quadrant or is within 45 degree of the

composite wind direction in the 700 or 850 hPa GPH. The positions of high and low height centers are
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also considered. Similar procedures are performed for other months. The final divisions of epochs are
listed in Appendix B.
3.5.4 Epoch Analysis

Once the epochs are determined for each month, rain rate composites of the top 25 percentile rain
days (representing heavy rain condition) from the TMPA data (given that the validation results suggest
TMPA data have good quality in this region) are calculated. Then the percent changes of the two “post-
dam” composites are derived by comparing with the “pre-dam” composite. Some literature suggests that
mesoscale influences would be more apparent under weak synoptic condition [Shepherd, 2005; Mote et
al., 2007], while heavy rain days are more likely to associated with strong synoptic conditions in this
region with strong monsoon influence. Therefore, rain rate composites of the mid 50 percentile rain days

are also retrieved and analyzed in similar procedures.
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Fig. 3.1. Correlations between cumulative precipitation for days with rainfall exceeding 25 mm

(NDP25sum), summer (JJA) rainfall (SR) and West Pacific Subtropical High ridge line position

(WPSTHRLP). Correlation coefficients are shown next to the stations. Large circles denote that the

correlation is significant (p < 0.05). Stations with significant correlations are along the reservoir, which is

located in the middle of the region (not shown) (From Fang et al. 2010).
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is the source for hourly upstream water level data.
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TGD) depicted as boxes with their path/row numbers.
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Fig. 3.5. An illustration showing the starting part of extracted reservoir area polygon at stage 4. Water
level is marked with dark blue line. The image is a composite of band 4, 5 and 3, depicting a good
contrast between land and water. A is considered a tributary and not included because it stretches out to
the border, and B is reckoned part of the reservoir as defined since most of it is confined within a short
distance from the trunk. The horizontal light grey strips at C are mosaic data which fills the data gaps of

the original scene.
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Fig. 3.6. Conceptual illustration of the Thiessen Polygon Network (http://www.ems-

i.com/smshelp/Data_Module/Interpolation/Natural Neighbor.htm).
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Fig. 3.7. Location of the 34 rain gauges (black dots) and Thiessen polygons (black) superimposed on the

36 one-degree cells (red).
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Fig. 3.8. Distribution of monthly precipitation over the whole region and the two sub-regions using 1961-

1990 observation data from 34 China national rain gauges.
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapter, the results of water level-reservoir area relationship and validations of TMPA data
are presented. Heavy and moderate precipitation composite maps of July are given as examples for the

epoch analysis. The implications and possible mechanisms associated with the results are also discussed.

4.1 Water Level — Reservoir Area

The five water level-reservoir area pairs are plotted and fitted in Fig. 4.1. A second-order polynomial
trend line is found to have a lower RMSE (RMSE = 9.96 km?) than that of a linear, power, exponential or
logarithmic relationship. The reservoir area as defined in this study expands from below 400 km? to about
750 km? as the water level rose from about 69 m to near 164 m (above sea level) upstream of the dam. At
any water level (x, 69-164, m), the defined reservoir area (y, km?) could be estimated from

y = 0.038x* - 5.165x + 557.4

Another important characteristic is that the width of the reservoir surface does not expand uniformly.
At various distances upstream of the dam, the reservoir expansions at different water level stages are
shown in Fig. 4.2. The expansion is largely dependent on the characteristics of the border and islands of
the reservoir. If the border is steep, then little expansion occurs. In other cases, the water can inundate
more low elevation land. As the water level rises, many islands in the river become much smaller, or fully
inundated. For the region about 100 km to 250 km upstream, the reservoir did not expand much beyond
the 146 m water level, because that part of the region is very mountainous (refer to Fig. 1.4) with steep
river banks. The reservoir also did not expand much beyond the 146 m water level for the region 530 km

upstream. The influence of rising water level is limited because this region might be too far from the dam,
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or this region is more developed and people construct higher banks to prevent the reservoir from
expanding. All these spatial heterogeneities of the reservoir could provide useful information in future
interpretation of various reservoir impacts.

The attempt to compare the estimated values with the available published data was not possible due
to different definitions of the reservoir. The area extraction of the reservoir in this study only focused on
the mainstream, and the area of the mainstream is likely the most important mesoscale attribute for
climate impact analysis. The detailed official reports may have a much wider definition of the reservoir
including inundation of the tributaries, because they are interested in how much area is inundated. The
information about how the official data were obtained, datasets used, and the methodology and
assumptions (if any), of these reports are largely unavailable. Limited information from news reports and
the Chinese Embassy in the U.S. are: at the water level of 175m, the length of the reservoir is 663 km?,

the reservoir covers an area of 1045 km?, and the inundated slant area is 632 km? (http://www.china-

embassy.org/eng/zt/sxgc/t36512.htm). A previous study has utilized the Shuttle Radar Topography

Mission (SRTM) digital elevation model (DEM) data to compute the total and inundated reservoir surface
areas, as well as the water volume and length of the reservoir at water levels between 135 and 175 m
[Wang et al., 2005]. Their computation is based on the bathymetry in a study area that they delineated,
which is also different from, and larger than the definition of the reservoir in this study. They calculated
the surface area at 165 m water level to be 903 km?, which is about 150 km? larger than the result from a
comparative water level in this study. They speculated that the SRTM DEMSs have voids in shadow areas
where there are no backscatters to the radar, phase unwrapping anomalies, or other radar-specific causes
(e.g. low coherence). The SRTM DEMs also have a coarser resolution (90 m). The authors stated that
ground truthing might be impossible due to the larger areal extent and cost, and Landsat 7 data suffers
from the SLC failure problem. With the data processing procedures in this study however, the SLC
problem seems to be a minor issue after mosaicing of the data gaps. Lack of cloud-free images, especially
at higher water level, appears to be a bigger problem and may have affected the result in this study. The

methodologies of using remotely sensed data as described in this study could be of value for future
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verifications when there are sufficient cloud-free scenes for better interpretations of reservoir areas at

higher water levels.

4.2 TMPA Temporal Validation
4.2.1 Region-Wide Validation

Areal mean monthly rainfall estimates from the 576 TMPA 0.25° (~25 km) grid cells are
compared with the areal averages from the 34 gauges to determine how well the rainfall distribution from
the TMPA data correlates with the gauge data. Validations over the whole region yield high correlations
both annually and seasonally. The correlation between TMPA (y) and gauge (x) data over the 144 months
(1998-2009) is represented as:

y =1.0039 x + 2.0879

The regression lines for both precipitation estimates are located barely above a 1:1 line. The correlation
coefficient of determination R? for the 144-month regression is 0.983, and RMSE is 9.1 mm month™
(figure omitted). Over the study area, the TMPA product slightly overestimates the precipitation recorded
by gauges, but the mean bias (2.4+8.8) is well within the range (from -1.0 to 1.0 mm day™, or -30.0 to
30.0 mm month™) noted by Tian et al. [2007]. When grouping the 144 months into four seasons, the
correlations are still high, although a little lower than before. Fig. 4.3 is the scatter plot of satellite versus
gauge precipitation estimates for the four seasons in the study area. The regression line and its
corresponding equation and R? value are shown for each of the four seasons of 36-month pairs. TMPA
overestimates precipitation compared with gauge estimates in all seasons but winter.
4.2.2 EOF Analysis

The temporal and spatial variations of mean annual precipitation in the study area are analyzed by
the EOF method. Fig. 4.4 shows the first and second leading modes of the EOF, including their spatial
patterns. The results indicate that the first EOF mode (Fig. 4.4(a)) accounts for 46.8% of the total variance
while the second mode (Fig. 4.4(b)) explains 30.0% of the total variance. The spatial and temporal

patterns obtained from the TMPA data are similar with the EOF results presented by Xiao et al. [2010] in
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Fig. 4.5 (note the similarity of the time variance curves from 1998 to 2005). The EOF analysis shows that
the dominating factor of precipitation has some consistency throughout the region (same sign for the first
mode). The time variances (Fig. 4.4(c, d)) show that large scale patterns are not fluctuating severely in the
12-year study period, which sets a good stage for an epoch analysis. Based on the north-south pattern
from the second mode, the region is divided into north and south sub-regions. No further dividing is
necessary as any mode other than the first two explains less than 10% of the total variance.
4.2.3 Sub-regional Validation
The correlations over 144 months for both the north and south sub-region are still high (regression

lines close to 1:1, R? = 0.9771 for north and 0.9737 for south, RMSE = 11.5 for north and 12.3 mm
month™ for the south sub-region, figures omitted). Over the north sub-region, the TMPA product
overestimates the precipitation recorded by gauges, the mean bias (5.2+10.3 mm month™) is larger than
averaging over the whole study area, but still well within the range of £30.0 mm month™ noted by Tian et
al. [2007]. Over the south sub-region, TMPA only slightly overestimates the precipitation with a lower
overall bias (0.6+12.3 mm month™). When examined in four seasons, winter is found to have the lowest
R? values in both sub-regions (Fig. 4.6, Fig. 4.7). Overall, the correlation results suggest that while
averaging over a smaller region does make the correlations a little lower with larger biases and RMSE
errors, it is not substantial enough to conclude that TMPA performs poorly when validated with smaller
regions.
4.2.4 Daily Scale Validation

The distribution of TMPA is also correlated with gauge data at daily scale for over 4, 000 days,
and the correlation coefficient is found to be significantly lower (R?=0.4594), as one might expect
because the 3B43 monthly data are aggregated. The daily cumulative rainfall curves of TMPA and gauge
data show close resemblance (Fig. 4.8). They have similar annual cycles where TMPA data are lower
than gauge data in most of the first half years, and catch up in most of the second halves. In the end, the
accumulated rainfall for 12 years of TMPA is only slightly higher than gauge (13,307.6 mm versus

13,293.0 mm).
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4.2.5 Frequency Analysis

The frequency distribution of occurrence of daily rainfall totals in the ranges 0-0.005 (trace),
0.005-0.1 (very low), 0.1-1 (low), 1-5 (moderately low), 5-10 (moderately high), 10-25 (high) and >25
(extreme) mm is produced. The results from both satellite and gauge estimates show that the area-
averaged high and extreme rain days (area-averaged daily rainfall totals exceed 10 mm) occur less than
9% of the time. The two estimates have good consistency for occurrence of rainfall in the categories over
1 mm day™. This indicates that TMPA does not bias the rainfall distribution of moderate or higher
intensity. Below this threshold, TMPA has much fewer days with <0.005 mm d™* precipitation, and
compensate in the other two categories. This is probably because the rain gauges are confined by
minimum measurement, thus having much more “0” readings. Note that this precipitation region is not
likely to be substantial and useful for agricultural production, and it is unlikely to influence the conclusion

of this study.

4.3 TMPA Spatial Validation

Mean monthly (averaging from 1998 to 2009) rainfall estimates from the aggregated TMPA 1°x1°
grid cells are compared with the corresponding estimates (area-weighted conversion from the Thiessen
Polygons) from the gauge estimates to determine how well the rainfall distribution from the TMPA data
correlates with the gauge data. TMPA is found to be spatially correlated well with gauge data. The
correlation coefficient is R=0.91 annually and the bias is 3.3+5.6 mm month™ with a RMSE of 6.5 mm
month™. Spatial correlations are not as high in summer and fall (R°=0.8054 and 0.8498, respectively)
compared with spring and winter (R=0.9387 and 0.9536, respectively). The scatterplots for all monthly
1-degree matchups between the gridded gauge data and the aggregated TMPA estimates for the four
seasons from 1998 to 2009 are shown in Fig. 4.10. The regression line and its corresponding equation and
R? value are shown for each panel. TMPA overestimates precipitation compared with gauge estimates in
all seasons, and the overestimation is smallest in winter (note that winter precipitation is the lowest of all

seasons). Fig. 4.11 presents the spatial difference maps for four seasons (TMPA - Gauge). Less than 1/3
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of the whole area is found to have a difference higher than 15 or lower than -10 mm month™ in any
season. The quality of TMPA data is found to be more satisfactory in fall and winter (although the
difference is small in winter, it is probably due to low winter precipitation in this region). Overall, there
are much more positive biases, and they are mostly seen over mountainous regions near the reservoir. All
the results of the verifications suggest that the TMPA estimate of precipitation is quite robust in this area.
Although rain gauges data are used as a reference (ground truth), they do have some biases of their own.
Additional weaknesses are inevitable when converting point-source data to data grids, as noted in a
precipitation analysis over Australia converting from up to 6000 gauges to 25 km grids [Weymouth et al.,
1999]. The quality of the analysis depends on the density of gauge reports (sparse data imply larger
errors), the complexity of the local terrain (because gauges in mountain areas are generally sited in
valleys and, therefore, underreport the true areal average rainfall), and undercatch [Huffman et al., 2007].
Because gauges are spatially less dense and tend to be located on relatively low and flat ground in the
study area, it is likely that many topographically induced precipitation events will not be captured by the
rain gauges. Therefore, the point-source gauge data might underestimate precipitation in the mountainous

regions. The large positive “bias” of TMPA might represent the true precipitation conditions.

4.4 Epoch Analysis

Epoch analysis yields daily rainfall composites which represents an “average” heavy or moderate
rain day. They show general patterns of a certain intensity of rainfall under normal synoptic condition.
The monthly epoch analysis (April-October) results for heavy precipitation (top 25 percentile, usually
above 10 mm d™) indicate that high precipitation values are found along the transmeridional rain belt
which is associated with the position of subtropical high (refer to Fig. 3.1). This is further supported by
the north-south pattern that the EOF analysis revealed. These patterns suggest that the concentrated high
precipitation areas as illustrated in Fig. 4.12 (July composite is given as an example here, other months
show similar pattern of rain belt north or south of that in July) are most likely governed by large-scale

atmosphere factors such as the position and strength of the subtropical high. In July, the rain belt is
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approximately located over the central latitudes of this region. The areas with high values of rain rate
might result from multiple mesoscale convective systems embedded in the transmeridional rain belt. It
would be difficult to for the mesoscale factors like the influence of the reservoir to be observed when
synoptic scale forces are dominant.

Compared with heavy precipitation days, moderate precipitation days (usually 1-10mm d™) appear to
be less influenced by large-scale forces. Epoch analyses results for composites of moderate precipitation
(mid 50 percentile) days reveal clear differences between “pre dam” and two *“post dam” epochs in
summer months. Fig. 4.13 and 4.14 shows the contrast of July as an example (similar patterns are
displayed for June and August, although July is most revealing). The patterns suggests that rainfall in
moderate rain days are suppressed in the area adjacent to the reservoir, while there are increases for
regions away from the reservoir on both sides (north and south). Given that the large-scale settings are
similar, the most significant difference among the epochs is the change of the reservoir surface area.

The patterns observed are not exactly as hypothesized. Although rainfall does decrease in the vicinity
of the dam, it does not just increase in the downwind direction (primary wind direction is approximately
south-southwest in July, as estimated from the 850 hPa GPH), but increases on both sides away from the
reservoir. It was previously assumed that the evaporation and extra moisture from the reservoir would be
brought downwind and contributed to more precipitation there. However, it seems that the evaporation
part from the reservoir is not as important as some other mechanisms. This might be partly due to the
shape of the reservoir (i.e., it is not wide enough to induce strong evaporation, but might be long enough
for mechanisms such as “lake breeze” to occur). The evaporation differences among the epochs might not
be significant enough for precipitation changes to occur. However, this warrants further study.

Moderate precipitation constitutes about a third of the total precipitation, and the patterns found
have significant implications for the region. In most of the moderate rain days (1-10mm d™), rainfall
would be effectively absorbed by soil and used by crops. Under average large-scale atmospheric
conditions, a decrease of moderate rainfall would further decrease the crop yield for the farmers who stay

in the region and work on steeper and less fertile hillside farms. While the government might have
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subsidized them for losing their old farms, their losses due to rainfall change, which might be associated
with the reservoir, are probably unaccounted. On the other hand, for the regions with increases in
moderate rainfall, some are mountainous areas where landslides are a big problem. The increased
moderate rainfall would make the soils more saturated and more prone to landslides. Precautions should
be taken in those areas to prevent landslide damages, which might occur more frequently (if frequency of
heavy rainfall stays the same) in future. The effects suggested by the results of this study would provide
valuable information for the decision-makers on adaptation/hazard-prevention strategies, and this thesis

would refrain from that part of discussion.

4.5 Possible Mechanisms

One possible explanation for the observed patterns is the reservoir might influence the precipitation
with a lake breeze-like mechanism as introduced earlier. The difference in sensible heat flux over water
and land results in more precipitation occurring in regions on both sides of the reservoir due to the lake
breeze induced fronts. The area adjacent to the reservoir has less precipitation due to the relatively stable
condition created by the sinking motion. Mesoscale circulation can be more apparent when weak large-
scale forcing is in place [Shepherd, 2005; Mote et al., 2007]. This is likely the case for TGR in moderate
rain days with large enough land-water temperature contrast (summer months). As suggested from the
results of this study, there might be a possible relationship between rainfall intensity and influence of
TGR in this region, as proposed in Fig. 4.15. TGR effects are less apparent when there are significant
large-scale effects, which might be associated with drought (rain intensity near zero) or high intensity
rainfall. In other cases, precipitation patterns might be more likely to represent TGR effect as the rainfall
intensity goes down, which is found for June, July and August with July (the hottest month) having the
clearest pattern. On the contrary, no such pattern is observed for April, May, September and October, this
is probably because in these months, the land-water temperature difference is not large enough to initiate

local circulation in this mid-latitude region.
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However, it is not clear if the lake breeze mechanism alone would explain the observed patterns. The
average reservoir width is below 1.5 km, while the length is above 600 km. It is a unique shape that is
different from any of the previously studied irrigated land/lakes/vegetation. The effect of this reservoir
might be more close to the “river breeze” effect as noted in Dias et al. [2004] and Fitzjarrald et al. [2008],
which is found to influence a more local region (~10km). Although TMPA data seems to be the best
choice, there could be a scale mismatch since the resolution of TMPA data is about 25 km. Therefore, the
results from the analysis of TMPA data may have inflated the influence range. Also, under some
circumstances, the influence of the reservoir might combine with other factors like topography, which is
very complex in this region. The expanding of the tributaries in this river basin might make the cool air
pool wider in the lower atmosphere, and a large portion of the lake-breeze affected precipitation may as
well be enhanced by favorable topography and synoptic conditions. Examples of combined effects
include river breeze-sea breeze interactions [Rao et al., 1999; Outlaw and Murphy, 2000] and urban-
topography interactions [Shepherd, 2006].

A third possible mechanism is the change of anthropogenic aerosols among the epochs. Aerosols
serve as cloud condensation nuclei (CCN) and thus have a substantial effect on cloud properties and the
initiation of precipitation (see Rosenfeld et al. [2008] for more information). The question is whether
aerosol has changed over the epochs in this region. A quick composite analysis on aerosol optical depth
(AOI) at 550nm for three periods (2000.4-2003.4, 2003.4-2006.4, 2006.4-2009.4) using MODIS monthly

data seems to suggest otherwise (Fig. 4.16, generated from http://gdatal.sci.gsfc.nasa.gov/daac-

bin/G3/gui.cgi?instance_id=MODIS_MONTHLY L3), as the spatial patterns of the AQOI are similar for

the three periods, and the trend of changes from the first period to the second and third are different
(decrease and increase, respectively), whereas the precipitation changes from “pre dam” to the two “post
dam” epochs are similar.

There could also be other possible mechanisms for the patterns observed, and a more in-depth

mesoscale modeling approach would be necessary to understand the physical processes better, and it
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would be desirable to create series of sensitivity experiments to tease out the effects of the reservoir,

topography, aerosol, etc. It is not within the scope of this thesis to further discussing this topic.

58



800 -
750 -

700 -

y = 0.038x2 - 5.165x + 557.4
R2=10.993

[e2)

a1

o
1

600 -
550 -

500 -

Reservoir Area (km?)

450 -

400 -

350 T T T T T 1

60 80 100 120 140 160 180
Water Level (m)
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Fig. 4.3. Scatter plots of areal average satellite rainfall estimates versus gauge (reference) values (mm
month™) for all seasons (36 months each). The linear regression line, formula and R* are shown. Biases
are 3.5+8.9 (spring), 3.3+12.7 (summer), 3.5+7.3 (fall) and -0.6+3.0 (winter) mm month™, RMSE are
9.5(spring), 13.0 (summer), 8.0 (fall) and 3.0 (winter) mm month™. The sample size is 576 grids for all

panels.
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Fig. 4.4. The spatial pattern of the EOF’s leading modes and the corresponding spatiotemporal variability
of mean annual precipitation anomaly in the vicinity of the TGD from 1998 to 2009 (using TMPA
estimates). (a) Spatial pattern of the first mode; (b) spatial pattern of the second mode; (c) time variance

of the first mode; and (d) time variance of the second mode.
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Fig. 4.6. Scatter plots of areal average satellite rainfall estimates versus gauge (reference) values (mm
month™) for all seasons (36 months each) in the north sub-region. The linear regression line, formula and
R? are shown. Biases are 9.7+9.1 (spring), 5.4+14.2 (summer), 3.9+10.4 (fall) and 1.6+2.4 (winter) mm
month™, RMSE are 13.2 (spring), 15.1 (summer), 11.0 (fall) and 2.9 (winter) mm month™. The sample

size is 576 grids for all panels.
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Fig. 4.7. Scatter plots of areal average satellite rainfall estimates versus gauge (reference) values (mm

month™) for all seasons (36 months each) in the south sub-region. The linear regression line, formula and
R? are shown. Biases are -1.0+13.8 (spring), 2.4+17.0 (summer), 3.2+8.9 (fall) and -2.0+6.1 (winter) mm
month™, RMSE are 13.7 (spring), 17.0 (summer), 9.3 (fall) and 6.3 (winter) mm month™. The sample size

is 576 grids for all panels.
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Fig. 4.10. Scatter plots of monthly mean satellite rainfall estimates versus gauge (reference) values (mm
month™) for all 36 1° aggregated grids in the study area (four seasons, respectively). The linear regression
line, formula and R? are shown. Biases are 5.5+8.6 (spring), 3.9+11.8 (summer), 2.8+4.9 (fall) and
0.943.2 (winter) mm month™, RMSE are 10.3 (spring), 12.5 (summer), 5.6 (fall) and 3.3 (winter) mm

month™. The sample size is 36 months for all panels.
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Fig. 4.12. Composites of heavy precipitation days (top 25 percentile, mm day™) in July for the three

epochs: a) “pre dam”; b) “post dam”; ¢) “post dam I1”.
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Fig. 4.13. Composites of moderate precipitation days (mid 50 percentile, mm day™) in July for the three

epochs: a) “pre dam”; b) “post dam”; c¢) “post dam I1”.
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Fig. 4.14. Difference maps of composites of moderate precipitation days (Fig. 4.13) between epochs in

July (%). a) “post dam”-“pre dam”; b) “post dam 11”-“pre dam”; ¢) “post dam 11”-“post dam”.
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CHAPTER 5

CONCLUSIONS

5.1 Summary

The land surface interacts with the atmosphere through energy and moisture transfers. Sensible
heat flux difference over large water body and adjacent land creates local circulation which would alter
precipitation patterns in its vicinity in summer. The Three Gorges Dam (TGD) built on the main stream of
the Yangtze River has become the largest hydroelectric project in the world, and it has attracted a lot
studies on various fields associated with dam. However, little literature exists on the hydroclimate aspect
of the project. Miller el al. [2005] found no significant change in precipitation through modeling
simulations. However, the simulation period is too short, and they acknowledged that the model they used
might not resolve the processes well enough in this region. Wu et al. [2006] concluded that the effects of
the dam are significant enough to create a north-south pattern, that is, the precipitation is reduced in the
vicinity of the dam, and increased in the mountainous regions in the north. A recent study by Xiao et al.
[2010]) refutes Wu et al. [2006]’s conclusion by revealing a similar north-south pattern around 1980.
They argue that the pattern Wu et al. observed is more likely to be natural variation. The precipitation
changes associated with large hydrological projects have significant implications for agricultural
adaptation and natural hazards prevention, and it is useful to perform an epoch analysis on precipitation
patterns. The research herein has provided a better understanding as well as directed future research of the
effects of large reservoir on local/regional precipitation. The following sections describe the major

findings, conclusions, and future directions of the thesis.
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5.2 Major Findings

The major findings of this thesis are:
The five stages of water level and reservoir surface area are best fit with a second-order polynomial
relationship, and reservoir area at a certain time could be estimated from the derived formula and
measured hourly water level data.
An extensive validation process of TMPA rain rate data shows it has good quality in the study area.
Areal average TMPA rain rate data correlate well with the areal average gauge data in all seasons.
EOF analysis of the TMPA data yields a similar pattern with the result from Xiao et al. [2010]. The
study area is divided into north and south parts, and correlations between TMPA and gauge data in
each part are high in all seasons. TMPA estimates are less well correlated with gauge estimates in
winter than other seasons.
TMPA rainfall at daily scale is less correlated with gauge data, although the cumulative curves are
similar. A closer examination of the daily rainfall frequency distribution reveals that the discrepancy
is mostly due to the mismatches for very light rain days (< 1 mmd™%).
Spatial validations of TMPA rainfall through the Thiessen polygon approach also found high
correlations, although the spatial differences are more noticeable than temporal ones. Larger spatial
discrepancy between TMPA and gauge data is found in summer and fall, and noticeable
overestimates are seen in some mountainous regions near the reservoir especially in spring and
summer. No more than one third of the whole area is revealed to have a difference higher than 15 or
lower than -10 mm month™ in any season.
Epoch analysis is carried out for both composites of heavy rain days (top 25 percentile) and
composites of moderate rain days (mid 50 percentile). While no major distinguishable changes are
found for the heavy rain days, it is indicated that in the “post dam” periods, moderate precipitation,
which accounts for one third of the total rainfall, is greatly reduced in the vicinity of the reservoir,
while increased on both sides 50-100 km (distance is probably inflated due to the resolution of

TMPA data) away from the reservoir. Local circulation pattern driven by sensible heat flux difference

76



over reservoir water surface and surrounding land in summer (a “lake breeze” like mechanism)
interacting with favorable topographical and atmospheric conditions is speculated to be the most

likely cause.

5.3 Conclusions

This research introduced a method to estimate the surface area of the Three Gorges Reservoir
from measured hourly water level data upstream of the dam. This may be utilized in future modeling
studies. The method to establish the water level-reservoir area relationship by simple interpretation of
Landsat images illustrates an easy, quick, practical and efficient way of quantifying the
expansion/contraction of reservoir/lake that takes place during a certain period. This is especially useful
when field survey data of reservoir/lake surface area is unavailable for the region of study.

Multiple correlation analyses indicate TMPA rainfall has good quality in the study area. Overall,
TMPA tends to overestimate rainfall by about 3 mm per month. Temporally, TMPA estimates correlate
less well with gauge data in winter. Spatially, compared with gauge data, noticeable TMPA overestimates
are found in some mountainous regions adjacent the reservoir especially in spring and summer. A closer
examination at the daily scale shows that the TMPA estimates have a similar daily cumulative rainfall
curve with that of the rain gauges. The relatively low correlation between TMPA rainfall and gauge data
at the daily scale is mostly due to large discrepancy in the frequency of very light rain days (<1mm d%).
Similar frequencies are found for other categories with rainfall greater than Imm d™*, where the rainfall is
more agriculturally/economically meaningful.

Epoch analysis reveals that under similar large scale conditions indicated by 700 and 850hPa
geopotential height fields, while there seem to be no major distinguishable changes in heavy precipitation,
moderate rainfall is greatly reduced in the vicinity of the reservoir after the abrupt water level shift in
2003. An increase is found on both sides 50-100 km (probably inflated) away from the reservoir. This
pattern seems to be associated with the local circulation created by the large sensible heat flux contrast

over the reservoir surface and surrounding land interacting with favorable topographical and atmospheric
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conditions in summer, as the inundation process is the most prominent land cover change from “pre dam”

to “post dam” epochs.

5.4 Future Directions

The research presented in this paper has implications for agricultural adaptation and natural
hazards prevention. More knowledge on future large-scale circulation changes would provide further
guidance for this region, which has a weak economical and ecological status. One limitation of this study
is the length of each epoch, even though it is already the longest study period to date. Future work may
use up-to-date mesoscale models to simulate the “dam” and “no dam” scenario. Also, it would be useful
to tease out the possible influencing mechanisms by investigating other factors like topography through a
series of sensitivity modeling simulations. Miller et al [2005]’s suggestion of using fine scale (1 km)
multiyear simulations is confirmed herein. After an investigation or literature review of large-scale forces,
the methodology used in this study is replicable in other regions where hydroelectric projects have caused
huge debates. The procedures to establish water level-reservoir area relationship would be helpful to
estimate the change of water surface in areas where survey data are not available. For Three Gorges, after
more cloud-free scenes are generated (probably several years later), a revisit of the water level-reservoir
area relationship using the same reservoir definition as in [Wang et al., 2005] would allow a direct
comparison of accuracy between the two methods. In the survey reports on many Western U.S.
reservoirs, the second-order polynomial curve fit the data well. Although five water level-reservoir area
pairs are enough to solve the curve, more pairs would allow a more robust regression. It would also be
interesting to study the expansion/contraction of more lakes, especially in the tropical regions where the

sensible heat flux difference is prominent throughout the year.
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APPENDIX A

Every rain gauge has an inner diameter of 20 cm. The most common type of rain gauges is SM1
made in Shanghai. Rainfall is collected in a glass container through a funnel, which can reduce
evaporation. Moreover, an extra observation is done after heavy rainfall in the warm season to minimize
the effect of evaporation. In the snowy season, the funnel is removed and snow can fall directly into the
container, and it is brought indoors to make the snow melt, then the amount of resulting water is
measured. The collecting surface of rain gauges is 70 cm over the ground, and they are installed in open
ground. Such location can reach satisfying accuracy as indicated by ‘Experimental Research on Rain
Gauges Installation Location’, which is a national wind tunnel test carried by 16 provincial hydrological
stations (National Hydraulic and Hydroelectric Industry Standard of China SL21, 2005). In the late 1980s
manual reading procedure has started to be continuously changed to automatic one by installation of
siphoning type of rain gauges. The most common type is SJ1 made in Shanghai. The inner diameter is
unchanged, the installation locations are chosen in the same manner as previous ones, and the new gauges
can measure rainfall INT within the range of 0.05-4 mm/min. The accuracy of precipitation
measurements is 0.05 mm. Implementation of this transformation of the reading did not implement
change of time to which the reading is attributed.

Precipitation measure occurs daily at 08:00 Beijing time (UTC +8). All data undergo strict quality
control by CMA NCC. Errors from relocation, measurement and other reasons are corrected, and the
datasets are homogenized. The stations we chose are all in the first level of national meteorological
observation where the quality of data is highest, and the data source is the same as many other studies in
China. However, the corrections applied did not include wind correction. The uncertainty caused has a
smaller impact on extreme precipitation studied in our work, and the error is less than 3% as indicated by

the result of experiment.

79



APPENDIX B

Divisions of epochs for each month (April-October) are listed below. There are 60 (September,

“post dam 11”") to 180 (April, “pre dam”) days in each epoch.

Pre Dam Post Dam Post Dam 11

April 1998-2003 2004-2006 2008, 2009
May 1998-2000 2004-2006 2007-2009
June 1998-2000, 2002 2003-2006 2007-2009
July 1998, 2000 2003-2005 2007-2009
August 1999-2001 2003-2005 2008, 2009
September 1999-2001 2003-2006 2008, 2009
October 1998-2002 2003-2005 2007-2009
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