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Dissertation Director:

Prof. James R. Miller

This dissertation examines the influence of low-level atmospheric humidity in
mediating the rate of surface warming, particularly at high altitude regions, during the
late 20™ century and the 21% century. The focus is on observations and global climate
model projections (IPCC SRES A1B scenario) for China, the Tibetan Plateau (TP) and
the San Juan Mountain (SJM) in southwest Colorado. For China, the analysis suggests
large surface warming despite significant decreases in insolation until the middle of the
21% century. Both the past and future warming in China occurs primarily as a result of the
lower and upper atmospheric water vapor feedbacks, triggered by the increase in
anthropogenic greenhouse gases, which in turn causes an increase in downward longwave
radiation (DLR). For the TP and the SJM region, | find that increases in surface specific
humidity (q) leads to relatively large increases in DLR. This effect is enhanced in colder
months and at higher altitudes, and the winter warming in the TP is about twice the
warming during other seasons. For the TP, the model shows that for the highest

elevations the largest warming between 1950-2100 occurs during winter and spring. The



increases in DLR influenced by increases in g during winter, and increases in absorbed
solar radiation influenced by decreases in snow cover extent during spring are, in part, the
reason for a large warming trend over the plateau. These two effects appear to produce
the model’s elevation dependent warming trend. For the SIM region, the observations
show that q has been increasing at more than 10% per decade from October through
January between 1990-2005, when the region experienced the largest increases in surface
temperatures. Moreover, only during these months do diurnal changes in humidity
explain the large variability in the corresponding changes in temperature. The largest
changes in DLR also appear to occur during these months. Large increases in DLR
during January and December coincide with large increases in temperatures and, in part,

indicate the causes for a large warming trend during these months.
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Chapter 1: Introduction

The present earth is experiencing an energy imbalance of close to 1 W/m?, which is
probably unprecedented in its history [Hansen et al., 2005]. This imbalance arises from a
decrease in the outgoing longwave radiation (OLR) from the earth due to a rapid
accumulation of greenhouse gases in its atmosphere and the thermal inertia of its ocean,
while the incoming solar radiation (insolation) remains relatively unchanged. On a global
average, this imbalance has caused the observed increases in the surface air temperature,
on both land and ocean, by 0.74°C £ 0.18°C between 1906-2005, according to the fourth
assessment report (AR4) of the Intergovernmental Panel on Climate Change (IPCC)
[Trenberth et al., 2007]. The report shows that, globally, the land temperatures (0.27
°C/decade) have increased twice as fast as the ocean temperatures (0.13 °C/decade) after
1979.

According to the IPCC-AR4 report, the two main periods in the 20" century which
show a warming trend are 1910-1945 and 1976-2000. The warming trend in land-surface
air temperature from 1976 to 2000 is about twice as fast, though with greater interannual
variability, than the trend from 1910 to 1945. The period 1946-1975 does not show any
significant increase in temperature, however it coincides with a non-significant, but
regionally more marked, cooling over the Northern Hemisphere. Overall, warming in the
Southern Hemisphere has been much more uniform than the Northern Hemisphere over
the lifetime of the instrumental record. Moreover, observations show a steady increase in
the heat content of the world ocean (~2 x 10> joules), from surface to 3000 meter depth,

during the latter half of the 20" century [Levitus et al., 2000].



Global observations of surface insolation from 1960 to 1990 suggest a general decline
of 4-6% in sunlight on the land surface [Wild et al., 2005 and references therein].
However, since the late 1980s there appears to be an increasing trend in insolation at
several locations where a good record exists [Wild et al., 2005]. These trends in
insolation could have possibly masked the greenhouse warming before the 1990s, which
became more evident in the 1990s.

According to the IPCC- AR4 report [Trenberth et al., 2007], the 20" century warming
has been significant over most of the world’s surface and, in the recent decades, some
regions have warmed substantially while a few have shown a slight annual cooling. This
warming shows significant spatial variability, particularly in the extra-tropics. Eleven of
the 12 years, between 1995 and 2006, rank among the 12 warmest years on record since
1850. The report suggests that, between 1979 and 2005, warming is generally larger in
the extra-tropics with strongest warming trends in northwest North America, Greenland,
northwest Europe, and east and northeast Asia.

Observations in the high altitude regions of the planet during the latter half of the 20th
century have suggested that these regions have been relatively more sensitive to climate
change in the recent past [Beniston, 2003; Diaz and Bradley, 1997; Giorgi et al., 1997,
Liu and Chen, 2000]. These regions have warmed at a greater rate (1-2 °C in the last
century) than the rest of the planet, with greater increases in daily minimum temperatures
than the daily maximum temperatures [Diaz and Bradley, 1997]. Moreover, within these
mountain regions, there is an elevation dependency in surface warming, i.e. greater
warming rates at higher altitudes [Diaz and Bradley, 1997; Liu and Chen, 2000]. In

contrast, there are also regions such as the Front Range of the Rocky Mountains in



Colorado, USA, which have experienced cooling at the highest elevation, possibly owing
to increases in local precipitation regime and decreases in insolation [Pepin and
Losleben, 2002]. Modeling studies have suggested snow-albedo feedback to be the most
important factor in causing this elevation dependent surface warming over the different
mountain regions [Chen et al., 2003; Giorgi et al., 1997].

A rapid and secular warming trend at high altitude regions would significantly and,
possibly, irreversibly modify the hydrological cycles in these regions [Nijssen et al.,
2001]. An increase in warming tends to decrease winter and spring snowpack leading to a
change in the pattern of seasonal streamflow — generally a reduction in summer flows
[Arnell, 2003; Dettinger and Cayan, 1995; Saunders et al., 2008]. These hydrological
changes could imply a wide range of environmental impacts on humans and ecosystems
of the mountain regions as well as the downstream regions. In addition to changes in
seasonal river flow, a greater evaporation owing to a greater warming in the elevated
regions may cause increased desiccation of vegetation during the summer months
[Beniston, 2003].

In this dissertation, I focus on high altitude regions in the northern hemisphere mid-
latitudes to understand the nature and causes of climate change observed in these regions
in the latter half of the 20™ century. I examine feedbacks that might enhance warming
rates in the mountainous regions, with an emphasis on the impact of changes in lower
atmospheric water vapor in these regions during the late 20" century and projected for
the 21* century. Increases in surface specific humidity have been suggested, in part, to be
responsible for a rapid increase in surface warming across the central Europe in the late

20™ century by Philipona et al. [2005]. They suggest that these increases in specific



humidity cause significant increases in the downward longwave radiation (DLR) onto the
surface producing a rapid surface warming. Observations from the Swiss Alps have
shown that the increases in DLR owing to specific humidity changes are particularly
large at very low specific humidity levels [Rucksthul et al., 2007], which are likely to
occur at high elevations and during the cold season. The mid-latitude boundary layer,
particularly at high altitudes, is expected to be under-saturated in longwave absorption in
the water vapor absorption lines. Therefore, an increase in surface water vapor content
during winter when the specific humidity is lowest will cause a large increase in the DLR
at the surface

Other factors also evaluated include changes in snow cover trends and atmospheric
aerosol burden. The study regions include (i) China and its major mountain region, the
Tibetan Plateau, and (ii) the San Juan Mountain (SJM) region in southwest Colorado. Our
current understanding of the 20™ century climatic trends in each of these regions is
further discussed in the subsequent sections.
1.1 China

There have been several recent papers reporting significant changes in climate
variables over China during the latter half of the 20th century [Kaiser, 2000; Kaiser and
Qian, 2002; Liu et al., 2004a; Liu et al., 2005; Liu et al., 2004b; Qian et al., 2006;
Thomas, 2000]. These variables include surface insolation, surface air temperature, cloud
cover, surface vapor and air pressure, precipitation and evaporation. The changes have
both spatial and temporal variability. The observations suggest (a) an increase in surface
air temperature [Liu et al., 2004b] (b) reductions in daily temperature range [Liu et al.,

2004b], insolation [Che et al., 2005; Kaiser and Qian, 2002; Liu et al., 2004a; Qian et al.,



2006] and estimated potential evapotranspiration [Thomas, 2000] for most geographical
regions, (c) a decrease in cloud amount [Kaiser, 2000; Qian et al., 2006], (d) an increase
in surface air pressure [Kaiser, 2000], and (¢) an increase in the intensity and reduction in
the frequency of precipitation, except in northwest China [Liu et al., 2005].

The causes for these changes are not yet clearly understood. It is possible that some
combination of both global- and regional-scale forcings has led to the observed behavior
of the climate variables. On the global scale, the increase in radiative forcing due to
increasing greenhouse gases and the associated changes in atmospheric circulation are
likely to have caused a portion of the observed changes. At the regional scale, the
climate variables could be influenced by the increase in atmospheric aerosols caused by
the rapid rate of development in China over the last 5 decades of the 20" century (e.g.
[Giorgi et al., 2003; Qian et al., 2003]. Large-scale land-use changes may also be a factor
[Fu, 2003]. An equilibrium modeling study by Menon et al. [2002], using the GISS
S12000 12-layer model, reported that the alteration in the regional atmospheric circulation
caused by the direct radiative effects of black carbon aerosols over China, produced the
observed temperature and precipitation trends over China. These regional trends
primarily include increases in summer floods in south China and drought in north China,
and moderate cooling in southeast China.

This study analyzes simulations from the global coupled atmosphere-ocean model
based on Russell et al. [1995] to elucidate the underlying mechanisms that are likely to
have caused the observed warming over China from 1950-2000 despite significant
decreases in surface insolation over most of the region. Both the global- and regional-

scale forcings are likely to persist, even intensify, in the first half of the 21* century. It is,



therefore, crucial to understand the trends in climate variables that might emerge as a
result of expected changes in the global and regional forcings during the 21% century.
This study, therefore, also examines potential changes in the climate variables for the 21*
century over China.
1.2 Tibetan Plateau

In recent years, there has been much interest in the nature of climate change in the
Tibetan Plateau during the late 20" century. It is understood that this region may be one
of the most sensitive to global climate change [Du et al., 2004; Liu and Chen, 2000].
However, climate observations are not comprehensive in space over the plateau. Most of
the climate data are available from weather stations that are located in the eastern half of
the plateau which is more inhabited and where the average altitude is relatively lower.

Previous studies on the Tibetan Plateau suggest that the warming there during the
latter half of the 20" century started earlier (early 1950s) than the northern hemisphere
trend (mid-1970s) [Liu and Chen, 2000; Niu et al., 2004], though it experienced a sudden
jump in the mid-1980s [Niu et al., 2004]. Moreover, the plateau had one of the highest
rates of warming between 1955 and 1996 in the northern hemisphere [Liu and Chen,
2000]. This warming has been largest during the winter months [Du et al., 2004; Liu and
Chen, 2000; Shenbin et al., 2006; You et al., 2007] and is estimated to be twice as large
as the mean annual trend [Liu and Chen, 2000]. However, the comparison between winter
and annual warming rates varies greatly among other studies [Du et al., 2004; Shenbin et
al., 2006; You et al., 2007]. Fall has the next highest warming rate; while summer and
spring show relatively less warming [Du et al., 2004; Liu and Chen, 2000; Shenbin et al.,

2006; You et al., 2007].



Using an extensive selection of weather stations (178) within the Tibetan Plateau, Liu
and Chen [2000] found a differential increase in the rate of surface warming dependent
primarily on the elevation of the observing station for the 1960-1990 period. Duan and
Wu [2006] reported increases in low level nocturnal cloud cover over central and eastern
parts of the plateau between 1961-2003, despite decreases in total cloud cover during the
same time period. They suggest that these increases in the low-level cloud cover explain,
in part, the increases in minimum temperatures over the plateau in the latter half of the
20™ century.

In this dissertation, I examine the potential effects of seasonal changes in surface
water vapor on downward longwave radiation (DLR) and on the surface warming
observed in the plateau between 1961-2000 at different elevations. Measurements of
surface specific humidity (q) and DLR at different elevations in the Swiss Alps by
Rucksthul, et al. [2007] suggest large increases in DLR to changes in q during the cold
seasons, when the absolute water vapor in the surface boundary layer is relatively low. I
use their observed relationship between q and DLR to examine whether increases in
surface water vapor over the Tibetan Plateau are, in part, responsible for the large
warming during the winter months over the plateau between 1961 and 2000, particularly
at higher altitudes.

I also examine the output from a transient experiment of a global climate model to (a)
investigate presence of the observed pattern of climate changes over the plateau in the
latter half of the 20™ century, (b) examine potential changes through the 21% century and

(c) elucidate the mechanisms for these climate changes.



1.3 San Juan Mountains

The San Juan Mountain (SJM) region, located between 37-38.5 °N, 105.5-109 °W,
forms an east-west oriented belt of the Rocky Mountain range in the southwest Colorado
(Figure 1.1). Hydrologically, this region contributes significantly to the annual flow in
major streams and rivers in the southwest US, such as the Colorado and the Rio Grande.
Climate change in this region in the form of increased warming and changes in
precipitation will have important consequences on the pattern of streamflow and hence its
effect on humans and ecosystems [Arnell, 2003; Beniston, 2003; Dettinger and Cayan,

1995; Nijssen et al., 2001] .
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Figure 1.1 San Juan Mountain region located in the southwest of Colorado

Long-term trends in the climate and hydrological variables in the region have not been
systematically analyzed previously. However, recent studies have suggested that the
interior southwest US, which includes the SIM region, has experienced one of the largest

increases in surface warming between 2001-2007 [Redmond, 2007; Saunders et al.,



2008], which has been linked, in part, to significant changes in the hydrological variables
such as precipitation, snowpack and streamflow [Saunders et al., 2008]. Therefore, the
intention of this study is, in part, to investigate trends in climate (temperature,
precipitation) and hydrological (snow water equivalent, snow-depth, humidity and
stream-flow) variables for the 20™ century and to assess interrelationships among these
trends. In similarity to the analysis for the Tibetan Plateau, the effects of changes in
specific humidity on the warming trend in the SIM region are evaluated.

Methodology and the information on observations and the model are described in
chapter 2. Chapters 3, 4 and 5 discuss the findings from the analysis on China, the
Tibetan Plateau and the San Juan Mountain region, respectively. Chapter 6 provides

conclusions and future directions.
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Chapter 2: Methodology

The basic approach to understanding the climate trends and evaluating the mechanism of
climate change in the study regions includes (a) compilation of the observed and modeled
data, (b) trend analysis and graphing of these datasets, and (c) assessment of correlations
among various climate and hydrological variables. Sections 2.1 and 2.2 discuss specific
approaches used in investigating the climatic trends and mechanisms for China and the
Tibetan Plateau, and section 2.2 for the San Juan Mountain region.

2.1 China and Tibetan Plateau

For China, the observed variables analyzed include annual mean measurements of
surface air temperature, surface insolation, cloud cover, and surface vapor pressure. The
observations for surface insolation (85 stations) and vapor pressure (305 stations) from
1954 to 2000 are obtained from Liu et al. [2004], and their trends are consistent with
sunshine duration and vapor pressure trends reported in Kaiser and Qian [2002] and
Kaiser [2000], respectively. Figure 2.1 shows the location and elevation of these stations.
The annual mean surface temperature observations from 305 stations between 1955-2000
are obtained from Liu et al. [2004a]. The observations for cloud cover from 537 stations
between 1954-2000 are obtained from Qian et al. [2006] which closely correlate with the
cloud cover data from 1954-1996 in Kaiser [2000] from 196 stations.

All observation stations are first-order observation stations (also referred to as “basic
and reference stations” operated by the China Meteorological Administration) across
China which provide a daily database meeting the World Meteorological Organization’s
standards. To estimate the mean over the whole country, each climate variable, except

insolation, is spatially averaged according to an area-based weighting factor in which
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each station controls an area determined by a Thiessen polygon [Liu et al., 2004a]. The
model averages are also effectively area weighted. Insolation observations are available
at 85 out of the 305 stations for which the observations for temperature and vapor
pressure are also available. The 85 stations are well distributed across China and have
correlation coefficients greater than 0.98 with the 305 stations [Liu et al., 2004a]. This

indicates that they are representative of the whole country. Additionally, the trends in

climate variables from these two groups of stations are very similar.

Station Elevation (m)
e >3000
e 1500 - 3000
« 500-1500
« 50-500
- 0-80

Figure 2.1 Spatial locations of the (a) 85 [reproduced from Liu et al., 2004] and (b) 305 stations
[reproduced from Liu et al., 2004a]

For the Tibetan Plateau, the observations include surface air temperature, surface
specific humidity (q), cloud cover and precipitation from 1961 to 2000 which are
obtained from the dataset described in Xu et al. [2006]. The data quality is same as that
discussed for China. For this study, the Tibetan Plateau region lies between 80 - 105 °E
and 27 - 39 °N. There were 43 observation stations identified over the plateau, and most
of them are located on the eastern side of the plateau where the average elevation is

relatively lower (Figure 2.2a).
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Figure 2.2 Location and elevation range of (&) 43 observation stations and (b) 29 model grids used in the
Tibetan Plateau study. Size of circles indicates elevation.

The 4x3 degree grid global coupled atmosphere-ocean model, GISS-AOM (Goddard
Institute of Space Studies — Atmosphere Ocean Model, NASA), based on Russell et al.
[1995; http://aom.giss.nasa.gov] is used to simulate trends in the selected climate
variables over China. Most of the model results presented here are based on output from a
single model experiment (GHG + Sulfate). The initial state of this simulation was based
on a 200 year spin-up run of initial ocean conditions [Levitus et al., 2000]. From 1850 to
2000, this simulation uses observed greenhouse gases and estimated spatial distributions
of atmospheric sulfate burden from Boucher and Pham [2002] (Figure 1a). For the 21%
century, greenhouse gases are observed up to year 2003 followed by SRES AIB
[Houghton et al., 2001]; the sulfate burden is from SRES A1B [Pham et al., 2005]. Two
additional model experiments whose results are presented here are (a) the control
experiment, which keeps the atmospheric composition fixed at 1850 values, and (b) the
GHG experiment, which keeps sulfate aerosols fixed at 1850 values.

Output from two model experiments, GHG + Sulfate and control, identical to those

analyzed for the China study, are analyzed to assess the nature of climate change in the
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Tibetan Plateau. The plateau region considered in the model simulations has 29 grid cells,
which are situated between 80°E - 110°E and 27°N - 39°N (Figure 2.2b). To extract the
elevation dependent climate trends in the plateau, we organized the model outputs into 3
different elevation regions: 0-2500m, 2500-4000m, and 4000-5300m. There are
respectively 6, 10 and 13 grid cells associated with these regions. The modeled trends in
climate variables are shown as anomalies, which are calculated based on the difference
between the GHG + Sulfate and control simulations. The output from the model
experiment is analyzed for the surface energy balance over the plateau between 1950 and
2100.
2.3 San Juan Mountains, Colorado

The study area primarily includes the 12 counties described in Table 2.1 (see Figure
2.3 for the county map). However, a few observation stations on the southern fringes of
Montrose and Gunnison counties are also included. A comprehensive digitized record
(number of stations, n ~ 25) of climate observations such as temperature and precipitation
for the selected study region is only available after 1948. There are many fewer stations
(n ~ 5) that inform us about the climatic trend in early half of the 20™ century. For
temperature and precipitation, the long-term observations are only available from the
National Weather Service (NWS) stations. More recently, since the mid 1980s, weather
observations are also available from the SNOTEL sites, managed by the National
Resources Conservation Service (NRCS), which has been primarily interested in the
measurement of snow water equivalent (SWE). There are long-term observations of the
SWE at the SNOTEL sites. Moreover, information on SWE and snow-depth is also

available from the Snow Course sites, some of which go as far back as the mid-1930s.
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Table 2.1 The SIM study region primarily comprises these 12 counties

Archuleta
Conejos
Dolores
Hinsdale
La Plata
Mineral
Montezuma
Ouray

9 Rio Grande
10 Saguache
11 San Miguel
12 San Juan

O~NO O WNPE

The streamflow observations are obtained from the gages maintained by the United
States Geological Survey (USGS; n = 34) and Colorado's Decision Support Systems
(CDSS; n = 22) maintained by the Colorado Division of Water Resources. A station was
selected for analysis only if it included observations for the 1985-2005 period because we
are particularly interested in investigating changes in streamflow in recent decades. To
compile the data from all stations, the data are normalized by 1990-2005 mean because
the data for this period are available for each of the selected stations.

Information on all the climate and hydrological observation stations used in the
analysis is provided in Appendix A (Tables A1-AS). All data collected are compiled as
monthly averages before analysis. For temperature, missing data in the middle of the
record are estimated based on the observations available from adjacent months because
absence of data affected a realistic estimation of annual and seasonal means and trends.
Moreover through this process, the use of available data included in the analysis is
maximized. The criteria adopted for filling in the missing data include the following: (i)
missing monthly averaged data are calculated as the mean of available observations from

the nearest five years in both the past and future for the same month, (ii) if the total
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observations adjacent to a missing monthly value do not total five, past or future, then the
estimation for the missing data is calculated based on the mean of nearest four, three, two
or one year/s, past and future; based on maximum availability of observations, and (iii) in
absence of observation for even one year, past or future, the missing data is made
equivalent to the nearest past or future value for the same month, whichever is available.

Overall, less than 5% of the temperature data was filled in.
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Figure 2.3 Southwest Colorado county map. (Source: US Dept. of Commerce)

The precipitation analysis is divided into snowfall (Nov-May) and monsoon
precipitation (Jul-Aug). The snowfall and monsoon precipitation data from the NWS

sites, and the SWE and snow-depth data from the SNOTEL and Snow Course sites are
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normalized by the mean of the data for the 1960-1990 period. The snowfall and monsoon
precipitation data from the SNOTEL sites are normalized by the mean of the data for the
1990-2005 period due a shorter observation period available for these sites. This
difference in the base value of time period used for normalization creates an offset
between the absolute anomalies of NWS and SNOTEL sites. This offset is countered,
without affecting the trends of the absolute anomalies, by subtracting the absolute
anomalies obtained for SNOTEL sites from the difference in the means of NWS and
SNOTEL data over the period for which the SNOTEL data are available. Missing values
in precipitation from NWS sites are filled in similarly to temperature.

Caution is recommended in the interpretation of SNOTEL and Snow Course data.
Julander [2008] suggests that (a) changes in the physical surrounding (e.g. vegetation)
and distribution of snowpack, and (b) changes in instrumentation could create an artificial
trend in the data. Moreover, use of thermistors and timing of daily data reporting can
affect the accuracy of temperature measurements at the SNOTEL sites.

Effects of changes in specific humidity (q) on winter warming in the recent decades
are evaluated in section 5.2. I could not find long-term humidity trends for any site within
the study region, therefore I used relative humidity observations available for the 1990-
2007 period from Gothic, CO (38°57'N & 106°59'W; elev. 9474 ft), which is slightly
north of the study region. The EPA weather station at the Rocky Mountain Biological
Laboratory (RMBL; rmbl.org) in Gothic, CO has hourly relative humidity and
temperature measurements, which are used to calculate specific humidity trends between

1990-2005. Moreover, temperature trends at Gothic between 1990-2005 are similar to
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trends observed for the SIM region, therefore I expect the humidity trends from Gothic
might also be representative of the humidity changes in SJM for this time period.

The relationship between q and downward longwave radiation (DLR) for the SIM
region is obtained from their hourly measurements at two high elevation sites from 2005-
2007 in the SIM region near Silverton, CO, maintained by the Center for Snow and
Avalanche Studies (CSAS; www.snowstudies.org) in Silverton. These sites are Swamp
Angel Study Plot (SASP; 37° 54' 25" N, 107° 42' 41" W; elev. 11,050 ft) and Senator
Beck Study Plot (SBSP; 37° 54' 25" N, 107° 43" 30"; elev. 12,200 ft). The gq-DLR
relationship obtained from these sites is used to estimate seasonal changes in DLR based

on changes in q at Gothic between 1990-2007.
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Chapter 3: Late 20" and 21% Century Climate Change In China

Analysis of observations and global climate model experiments to elucidate past and
future changes in surface insolation and warming in China

In this section, I analyze observations and simulations from the global coupled
atmosphere-ocean model based on Russell et al. [1995], discussed in section 2.1, to
elucidate the underlying mechanisms that are likely to have caused the observed warming
over China from 1950-2000 despite significant decreases in surface insolation over most
of the region. Both the global- and regional-scale forcings are likely to persist, even
intensify, in the first half of the 21* century. It is, therefore, crucial to understand the
trends in climate variables that might emerge as a result of expected changes in the global
and regional forcings during the 21* century. This chapter will examine potential changes
in the climate variables for the 21% century over China. Section 3.1 describes and
compares the observed and modeled changes in climate variables, such as temperature,
insolation, cloud cover and vapor pressure, during the last half of the 20™ century.
Section 3.2 describes the projected changes in the 21% century. A discussion of the
findings is provided in section 3.3.
3.1 Climate change between 1950 — 2000

Figure 3.1 shows that there is a decreasing trend in surface insolation and cloud cover
and an increasing trend in surface temperature and water vapor pressure in both model
and observations (see also Table 3.1). Between 1950 and 1975, there is no appreciable
trend in cloud cover, temperature and surface vapor pressure in the observations or model
simulation. For the same period, both model and observations show a decrease in

insolation. Modeled and observed trends presented hereafter are from 1950-2000. The
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observed reduction in insolation is 3.27 W/m® per decade which is significantly greater
than the model reduction of 0.68 W/m” per decade (Figure 3.1a). The observed increase
in surface temperature in China is 0.19°C per decade [Liu et al., 2004a], compared to

0.12°C per decade for the model (Figure 3.1b).

Table 3.1 Observed and modeled trends (per decade) in climate variables over China for three time
periods: 1950-2000, 1950-1975 and 1975-2000. For each climate variable, 51 annual values were least
square fitted to a parabola. The trends are equal to ten times the slope of the parabola over the various time
periods.

. . 1950-2000 1950-1975 1975-2000

Climate Variables

Observed Model Observed Model Observed Model
Sulfate Burden (mg/m?) +0.57 - +0.59 - +0.55
Insolation (W/mz) -3.27 -0.68 -3.85 -0.70 -2.69 -0.68
Temperature (°C) +0.19 +0.12 +0.01 -0.07 +0.38 +0.31
Cloud Cover (%) -0.73 -0.08 -0.30 +0.08 -1.22 -0.24
Vapor pressure (mb) +0.08 +0.03 -0.01 -0.02 +0.17 +0.07

Most of the simulated increase in surface vapor pressure occurs after 1975, which is
similar to the modeled trends in temperature (Figure 3.1d). The simulated increase in
vapor pressure in the upper (200mb) and middle troposphere (500mb) is 9% and 4%,
respectively; it is 2% at the surface. The sudden decrease in observed cloud cover, -0.73
% per decade, starting around 1975 (Figure 3.1c) is correlated with the rise in
temperature (r = -0.52). The model, however, shows a much smaller decrease in cloud

cover although the correlation of the latter with temperature (r = -0.47) is similar.
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Figure 3.1 Departures from the 1950 to 2000 mean for observations and model for (a) insolation, W/m®
[Liu et al., 2004] and atmospheric sulfate burden, mg/m* [Boucher and Pham, 2002] (b) surface
temperature, °C [Liu et al., 2004a], (c) cloud cover, % [Qian et al., 2006], and (d) surface vapor pressure,
mb [Liu et al., 2004].

The reduction in surface insolation over China appears to be primarily forced by the
atmospheric aerosol loading (Figure 3.1a). This is further supported by noting that there
is a decreasing trend (modeled and observed) in cloud cover (Figure 3.1c). The partial
correlation between the observed insolation and sulfate aerosol trends from 1955 to 2000
is -0.81, and between the observed insolation and cloud cover is -0.45. The spatial
distribution of sulfate aerosols in the model is similar to the observed mean aerosol
extinction coefficient (AEC) across China from 1984-1998 estimated by Kaiser and Qian
[2002]. Sulfate aerosols in the model affect the radiation directly, but their indirect effects
on clouds are not included in the model. Furthermore, the model captures only 21% of
the observed reduction in surface insolation, which suggests, among other possibilities

that either black and organic carbon aerosols and dust have a greater role to play in the
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observed solar dimming over China than sulfate acrosols alone [Chameides et al., 1999;
Qian et al., 2003], or the model insolation has lower sensitivity to changes in sulfate
aerosols.

It is interesting to note that, in both model and observations, the surface temperature
over China increases during the same period when surface insolation decreases with the
contrast being much greater in the observations. The increase in surface temperature
could be caused by an increase in downward longwave radiation (DLR) due to the
increase in greenhouse gas forcing and the associated water vapor feedbacks, which
overcompensates for the reduction in insolation. The partial correlation between the
observed CO; and temperature trends from 1959-2000 is 0.70, and between the observed
surface vapor pressure and temperature is 0.75. However, there is a weak correlation (r =
0.34) between the observed CO, and surface vapor pressure. Moreover, the partial
correlation between the modeled DLR and CO, from 1950-2000 is 0.77, and between the
modeled DLR and surface vapor pressure is 0.83.

The model’s DLR, which is affected by greenhouse gases and clouds, increases by 4.3
W/m® while the insolation decreases by 3.4 W/m® from 1950-2000. Assuming other
variables are constant, the change in surface temperature associated with a change in
DLR can be estimated using the relationship, AB/B = 4*AT/T, derived from the Stefan-
Boltzmann law for black body radiation, where AB and AT are changes in DLR and
temperature, respectively. This calculation yields AT = 1.03°C when AB = 4.3 W/m’.
However, the model simulates a surface temperature increase of 0.61°C from 1950-2000.
The discrepancy between the calculated and the modeled surface temperature increase is

caused, in part, by a 0.6 W/m? decrease in insolation absorbed by the surface between
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1950 and 2000 (Figure 3.2c). Furthermore, the discrepancy between the observed and
modeled rate of surface warming by a factor of 1.5, from 1950-2000, is likely caused by a
2.5 times higher rate of increase in the observed surface vapor pressure (Figure 3.1d; see
also Table 3.1), which could amplify the DLR from the near surface atmosphere.

Philipona et al. [2005] present a similar scenario for warming in Central Europe from
1995-2002. Their ground based radiation measurements show a decrease in annual
average insolation of 1.1 W/m” and an increase in annual average DLR of 5.3 W/m®. This
leads to an increase of 0.8°C in annual average temperature. They separate different
forcings contributing to the increase in DLR from increases in (a) clouds (1.4 W/m?), (b)
greenhouse gases except water vapor (0.35 W/m?), (c) water vapor (0.79 W/m?) and (d)
temperature (2.72 W/m?) to suggest that the water vapor forcing in the lower atmosphere
is about 2.3 times the anthropogenic greenhouse gas forcing in the regions where
sufficient water is available for evapotranspiration.

An additional mechanism that could produce surface warming in spite of a significant
decrease in surface insolation over China during the latter half of the 20 century,
particularly from 1970 to 1995, is a relatively greater reduction in latent heat fluxes to
compensate for the decrease in surface insolation. Liepert et al. [2004] performed
equilibrium climate simulations to elucidate the changes in the global terrestrial surface
energy budgets between the pre-industrial (1880s) and the present day (1980s) situations
produced by the difference in the atmospheric loading of greenhouse gases and aerosols.
Their model, which included parameterizations for both direct and indirect aerosol
effects, showed a relatively greater reduction in the strength of latent heat fluxes in the

present day scenario, to compensate for the reduction in surface insolation. Their model
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also produced a 0.6°C warming in the present day condition despite a 0.52 W/m” decrease
in the net surface insolation.

The direct observation of evaporation across China is unavailable. However,
measurements of potential evapotranspiration from observed meteorological data over
China from 1951-1993 show a significant decreasing trend [Thomas, 2000]. Decreases in
potential evapotranspiration south of 35°N are most strongly associated with sunshine
duration. Our model suggests a small decrease in evaporation (-1.3 mm/decade) from
1950 to 2000. The simulated decrease in evaporation would be greater if black and
organic carbon aerosols and aerosol indirect effects are included in the model
[Ramanathan et al., 2001; Roderick and Farquhar, 2002].

Overall, the modeled trends in the climate variables discussed above have the same
sign as the observed, although the modeled changes in surface insolation, temperature
and vapor pressure are smaller than the observed changes. The sharp increase in
temperature during the latter half of the 20" century despite “solar dimming” appears to
occur, in part, because of the simultaneously increasing greenhouse gas forcing and
associated water vapor feedbacks. Overall, the model appears to offer a conservative
estimate of the change in the climate variables discussed here. In the next section, we
examine the trends and interrelationships among these variables for China during the 21%
century under the prescribed forcings of greenhouse gases and atmospheric sulfate
burden.

3.2 Climate change in the 21 century
The modeled surface insolation shows a small declining trend between 1850 and 1950,

following which there is a sharp and continuous decline in insolation by 6 W/m?” by the



24

year 2020 (Figure 3.2a). This appears to be caused by the increase in atmospheric sulfate
burden. In fact, the model predicts a gradual reduction in annual cloud cover for the 21*
century (Figure 3.2a), which will enhance the insolation during that period. Insolation
increases in the latter half of the 21% century; however, it does not reach the pre-1950
values even under the decreasing cloud cover trend during the 21% century. This is

because the atmospheric sulfate burden is still above pre-1950 values.

= Sulfate a
4 4 Chousd o A L g
Insalarton F

Cover (%)
-9 [ 5]
K nl
Sulfate (mg/m")

Insolation (W' ) and Cloud

w o
B

(5]

e Tl P LTS
Vapor Prassaune § ‘)'”‘r“ 3
ant r

-

Surlace Vapor Préssune (mb
(=]
Surfaca Temperature fC)

i7 DLR

= lnaclation Absarbed by Surfacs

1 & Imsolabon Absorbed by
m
2

Surfacs [Wihme)
y

VI
3

3 F _% — "

OLR (W

1850 1900 1950 2000 2050 2100
Yisar

Figure 3.2 Departures in (a) insolation (W/m?) and cloud cover (%), (b) surface temperature (°C) and vapor
pressure (mb), and (c) DLR (W/m?) and insolation absorbed by the surface (W/m?) simulated over China
from 1850 to 2100. Simulations are 10 year running mean of annual departures from the 1850-1999 mean.
Annual mean values of the atmospheric sulfate burden (mg/m?) shown are based on Pham et al. [2005].
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In spite of a decrease in surface insolation of 6 W/m® (from the 1850-1999 mean) in
the first half of the 21* century, followed by a recovery of 2 W/m” in the latter half, a
continuous increase in surface temperature is simulated for the entire 21% century over
China. The 3 °C temperature increase from 1975-2100 (Figure 3.2b) appears to be related
to an increase in DLR of 19 W/m® over China for the same time period (r = 0.98; Figure
3.2¢), which is significantly greater than the increases in sensible heat (0.6 W/m®) and
latent heat (3.5 W/m®) fluxes. Our calculation suggests that for a DLR increase of 19
W/m® the temperature increases by about 3.8°C, which is slightly higher than the
simulated increase in surface temperature (3°C). This difference could be partly due to a
concomitant decrease in insolation absorbed by the surface during the 21% century
(Figure 3.2¢). The partial correlation of the modeled DLR during the 21* century, with
atmospheric CO; concentration and surface vapor pressure is 0.79 and 0.80.

Modeling experiments [Hall and Manabe, 1999] as well as the analysis of observed
climate variables [Rakdczi and Ivanyi, 1999-2000] have shown that the water vapor
feedback induced by atmospheric warming, which is triggered by an increase in
anthropogenic greenhouse gases, is a much more important mechanism in amplifying
DLR than the anthropogenic greenhouse gases alone. Moreover, the water vapor
feedback is a combination of both the lower and the upper tropospheric water vapor
feedback. The midlatitude atmospheric boundary layer over China may not be optically
saturated to the longwave radiation from the surface. Therefore, an increase in the lower
atmospheric water vapor content can directly increase the infrared heating of the surface.

The modeled increase in surface vapor pressure at the end of the 21% century is 15%
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higher than the 1850-1950 mean, a period during which there is little change in surface
vapor pressure (Figure 3.2b).

Moreover, the modeled increase in vapor pressure during the 21% century is 25% at
500 mb and 80% at 200 mb, which is similar to the results from another GCM simulation
performed by Soden et al. [2005]. They analyzed satellite measurements of clear-sky
radiances, which are sensitive to water vapor concentration in the upper troposphere, to
demonstrate moistening of the upper troposphere from 1982-2000. This observed
moistening is also in accord with the increase in moistening of the upper troposphere
simulated with satellite-observed sea surface temperatures. The outgoing longwave
radiation is suggested to be very sensitive to the changes in the upper tropospheric
humidity [Held and Soden, 2000]. Therefore, the moistening of the mid and upper
troposphere can make the troposphere substantially more opaque to outgoing longwave
radiation, thereby warming the troposphere as a whole and contributing to warming the
surface and the lower troposphere in the 21% century. However, the relative importance of
the lower and upper level water vapor feedbacks in increasing the DLR over China could
not be quantified from our modeling experiments.

Cloud cover, which can also significantly affect DLR, is decreasing during the 21%
century (Figure 3.2a), and is, therefore, not expected to cause the simulated increase in
DLR (Figure 3.2c). Comparison of trends in climate variables between the GHG +
Sulfate and GHG experiments shows that atmospheric sulfate will tend to suppress the
warming until the middle of the 21* century (Figure 3.3a). A smaller increase in surface
temperature between 1960 and 2060 in the GHG + Sulfate experiment is accompanied by

a smaller increase in surface vapor pressure (Figure 3.3c), and consequently a smaller
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increase in DLR (Figure 3.3b), in comparison to the GHG experiment. As the difference
in surface insolation between the two experiments becomes smaller after 2060, there are
smaller differences between the two experiments for temperature, vapor pressure and
DLR.

3.3 Discussion

The simulation of climate variables for China from 1950 to 2000 by the GISS-AOM
model produces similar trends as observed although the magnitude of the modeled
changes is smaller. The observed warming of 1°C from 1950 to 2000 despite a 3.27 W/m®
per decade decrease in surface insolation appears to be in large part the result of an
increase in DLR, which is a consequence of an increase in anthropogenic greenhouse
gases and the associated atmospheric water vapor feedbacks. The surface vapor pressure
over China increases by 0.40 mb during that period. Philipona et al. [2005] suggest that
an increase in DLR resulting from an increase in surface vapor pressure, triggered by an
increase in anthropogenic greenhouse warming, caused the bulk of surface warming
observed in Central Europe from 1995-2002 in spite of a decreasing trend in surface
insolation.

For the 21% century, the model predicts a downward trend in surface insolation until
the middle of the 21% century forced by the atmospheric sulfate burden, after which it has
an upward trend as the atmospheric sulfate burden decreases. The model also predicts a
continuous rise in surface temperature and surface vapor pressure during the 21 century.

These changes are much greater than for the period from 1850-2000.
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Figure 3.3 Trends in (a) temperature (°C), (b) DLR (W/m?), (c) surface vapor pressure (mb) and (d) surface
insolation (W/m”) over China from three different model experiments having (1) no greenhouse and sulfate
aerosol forcings (Control), (2) greenhouse forcing only (GHG) and (3) both greenhouse and sulfate aerosol
forcings (GHG + Sulfate). Line plots are 10 year running mean. Outputs from the GHG experiment were
corrected for the offset over the whole period.

Surface warming in China during the 21* century despite the decreasing trend in
surface insolation, is caused by a combination of changes in energy budgets near the
surface and in the upper atmosphere. Near the surface, an increase in surface vapor
pressure, triggered by an increase in anthropogenic greenhouse gases, leads to increased
infrared heating of the surface. In the upper troposphere, a decrease in the outgoing
longwave radiation, due to an increase in greenhouse gases and the associated upper-
troposphere water vapor feedback, would produce a general warming of the troposphere
which will be transmitted to the surface. The outgoing longwave radiation at the top of
the atmosphere is highly sensitive to changes in upper tropospheric humidity and the
observations suggest that the latter has increased in the past two decades in accord with

the predictions made by most GCMs [Soden et al., 2005].
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The model insolation decreases between 1950-2000 are 4-5 times less than the
observed decreases in insolation. Among other possibilities, the smaller decreases in
model insolation suggest that either black and organic carbon aerosols and dust have a
greater role to play in the observed solar dimming over China than sulfate aerosols alone
[Chameides et al., 1999; Qian et al., 2003], or the model insolation has lower sensitivity
to changes in sulfate aerosols. Menon et al. [2002] were able to simulate the observed
summer cooling trend in southeast China only through the inclusion of black carbon
aerosols in their model in addition to the non-absorbing aerosols. Exclusion of the
indirect aerosol effects as well as the direct radiative effects of black and organic carbon
aerosols, and mineral dust in the model are likely to have caused the conservative
prediction of the changes in climate variables from 1950-2000. Therefore, the large
changes in annual mean insolation, temperature and vapor pressure at the surface

redicted by the model for China in the 21 century, may also be conservative estimates.
p y ry, may
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Chapter 4: Late 20" and 21% Century Climate Change In The Tibetan

Plateau

Evaluating the influences of water vapor, snow cover and atmospheric aerosol in a
global climate model

In this chapter, I examine output from the transient experiments of the model used in
chapter 3, to (a) compare the modeled and observed patterns of climate change over the
Tibetan Plateau in the latter half of the 20™ century, (b) examine potential changes
through the 21% century and (c) elucidate the mechanisms for these climatic changes.
Section 4.1 describes the observed climate change over the plateau between 1950-2000.
Section 4.2 describes the results of modeled changes in climate variables between 1950-
2100. Influences of changes in humidity and snow cover extent on the pattern of
warming, both observed and simulated, are described in sections 4.3 and 4.4,
respectively. Section 4.5 examines the mechanisms for an elevation dependent warming
(EDW) over the plateau and section 4.6 provides a brief discussion.
4.1 Observed climate change between 1950-2000

Observations from the 43 stations within the plateau region describe a warming trend
of 0.24°C/decade for the 1961-2000 period. Since we have specific humidity
observations at only these 43 stations, we first compare the annual temperature trends
based on these stations with those of the larger dataset of Liu and Chen [2000] to verify if
these 43 stations are representative of the larger dataset. Figure 4.1a shows that elevation
based annual warming trends between 1961-1990 based on the 43 stations are similar to
the trends reported by Liu and Chen [2000] for the same time period, however the rates

of warming calculated in their study are slightly lower. Their lower warming rates may
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be partly due to their inclusion of more lower elevation stations to the east of our study

area where the warming rates are lower.
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Figure 4.1 (a) Elevation based trends in the annual temperatures (C/decade) over the Tibetan Plateau.
Annual trends are plotted for two different time periods — 1961-1990 and 1961-2000. Annual trends for the
1961-1990 period from Liu and Chen [2000] are shown for comparison. The corresponding number of
stations at different elevation ranges between our study and Liu and Chen [2000] are 13-42 (1000-2000m),
9-22 (2000-3000m), 13-32 (3000-4000m) and 7-5 (4000-5000m), respectively. (b) Seasonal temperature
trends based on the observations in this study for the 1961-2000 period. The error bars represent standard
deviations.

Figure 4.1b shows that for the 1961-2000 period, winter, followed by fall, has warmed
most rapidly at all elevations. Spring and summer months, which show significantly

lower warming rates in the region during the 1961-1990 period, demonstrate greater



32

increases in temperatures when the 1961-2000 period is considered. A rapid increase in
spring warming and a slackening in the rate of winter warming appear to have occurred
during the last decade of the 20™ century. Figure 4.1a also shows an elevation dependent
warming (EDW) in the region based on the 43 stations as suggested by Liu and Chen
[2000] for the 1961-1990 period. However, when we include the last decade (1991-
2000), the EDW trends become weaker.

For the 1961-2000 period, Figure 4.2a shows the largest temperature increases
during winter. Figures 4.2b-c indicate that daily minimum temperatures over the plateau
have increased much more rapidly than the daily maximum temperatures in all seasons
and at all elevations except at the lowest elevation during fall. There are also similar
increases in maximum temperatures during winter, summer and fall, whereas winter has
the largest increases in minimum temperatures. At the highest elevations, maximum
temperatures increase most in summer. At lower elevations, the largest increases occur in
winter and fall. There are statistically insignificant decreasing trend (about —0.1% sky
cover per decade) in cloud cover during all seasons and these decreases are largest at
4000-5300m during winter, spring and summer (Figure 4.2d). Figures 4.2e-f show that
increases in q are larger at higher elevations during winter and spring, whereas for
summer, they are largest at 0-2500m. Similarly, Figures 4.2g-h indicate large increases in
precipitation over the plateau at higher elevation during winter and spring; however

increases in summer precipitation is largest at 0-2500m.
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regions in the Tibetan Plateau. “n” is the number of observation stations associated with each elevation
region. Error bars represent standard deviations.

4.2 Simulated climatic changes over the Plateau between 1950-2100
Figure 4.3a shows that the plateau region warmed by 4°C over the entire period of the

simulation. Most of this warming occurred after 1950, and the largest rate of warming
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(0.52°C/decade) occurred between 2020 and 2060 at all elevations. For the 1961-2000
period, the simulated surface-warming rate is 0.25°C/decade, which is similar to the
observed trend (0.24°C/decade) as described in section 4.1. The observed warming trend
for the plateau is greater than the late 20" century warming trend of 0.19°C/decade

reported for all of China by Liu et al. [2004] and 0.12°C/decade in the model simulation

(see section 3).
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Figure 4.3 (a) Decadally averaged anomalies in surface temperature simulated over the Tibetan Plateau
from 1851 to 2100 at three different elevation ranges (b) Observed [1961-1990; from Liu and Chen, 2000]
and modeled (1961-1990 and 2000-2090) trends in surface temperature (C/decade) in the Tibetan Plateau
as related to the elevation of the observing station and the model grid, respectively.
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Figures 4.4a-b shows spatial pattern of linear trends in observed and modeled
temperature over the plateau in the latter half of the 20" century and the 21 century.
Figure 4.4a exposes the scarcity of observations on the western side of the plateau, where
the mean elevation is higher and the model simulates higher rate of warming during,
both, the late 20" and the 21 century. Therefore, the mean observed warming rate of

0.24°C/decade for the 1961-2000 period might be a conservative estimate.
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Figure 4.4 (a) Observed and modeled temperature trends (C/decade) over the Tibetan Plateau between
1955-2000. (b) Modeled temperature trends during the 21* century. Dark circles describe observed trends
and colored squares describe modeled trends.
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Moreover, the model experiment demonstrates an EDW trend over the Tibetan Plateau
between 1951 and 2100. Figure 4.3a shows increases in surface temperatures by 5, 4 and
3.5°C between 1950 and 2100 from the highest to the lowest elevation ranges,
respectively. The EDW trend becomes larger in the latter half of the 21* century. For the
1961-1990 period, the model demonstrates an EDW of 0.037°C/decade/1000m over the
plateau which is smaller than the observed trend of 0.054°C/decade/1000m obtained by
Liu and Chen [2000] as shown in Figure 4.3b. During the 21* century, the model’s EDW
trend is similar to that observed in the late 20™ century. However, there is almost a
doubling of the actual warming rate at all elevations during the 21* century (Figure 4.3b).

For the 21% century, the model projects the largest warming during winter and spring
months at higher elevations (Figure 4.5a). Moreover, warming during these months
started earlier than in summer and fall. Even the lower elevation regions (< 2500m) show
a similar seasonal contribution to the warming trend in the model, however the
differences amongst the seasonal contributions to the total warming are smaller.
Moreover, Figure 4.5a shows that the EDW for the 21% century is significantly greater
during winter and spring than it is in summer and fall.

Figure 4.5b shows the modeled change in surface energy budgets during the 21*
century. There are large increases in DLR (downward longwave radiation) and ULR
(upward longwave radiation) at all elevations and all seasons. However during winter, the
increases in DLR are larger than ULR particularly at 4000-5300m. During spring and
summer, there are large increases in absorbed solar radiation (ASR) at 4000-5300m and
2500-4000m. At 0-2500m, there are large increases in latent heat fluxes and decreases in

sensible heat fluxes during all seasons except spring. There is negligible change in
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sensible heat fluxes at higher elevations; however latent heat fluxes show large increases

during winter and spring at 2500-4000m and during summer at 4000-5300m.
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Figure 4.5 (a) Modeled anomalies in the seasonal surface temperature for the 2000-2090 period relative to
the pre-industrial conditions, and (b) changes in surface energy fluxes between two decades — “2081-2090”
minus “2001-2010” — over the Tibetan Plateau at three different elevation ranges. Surface energy fluxes
plotted, in order, are DLR (downward longwave radiation), ASR (absorbed solar radiation), LAT (latent
heat fluxes), SEN (sensible heat fluxes), and ULR (upward longwave radiation).

In concurrence with elevation dependent increases in temperature (Figure 4.6a)
between 1950 and 2100 over the plateau, Figures 4.6 d-g show that there are elevation-
based increases in surface vapor pressure, ASR, DLR and latent heat fluxes. Figure 4.6b
shows that there is a significant elevation-based decrease in snow cover and that there is a
small decreasing trend in cloud cover except at 4000-5300m (Figure 4.6c). The
atmospheric sulfate burden increases between 1950-2030 and is followed by a decreasing

trend for the rest of the 21* century (Figure 4.6h). The largest increases in sulfate burden



38

occur at the lowest elevations, where the sulfate concentrations are more than three times

higher compared to the highest elevations between 1980-2040.
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Figure 4.6 Decadally averaged anomalies in the modeled climate variables — (a) temperature (°C), same as
Figure 4.3a, (b) snow cover (%), (c) cloud cover (% sky cover), (d) vapor pressure (normalized, %), (e)
ASR (normalized, %), (f) DLR (normalized, %), (g) surface latent heat fluxes (normalized, %) and (h)
atmospheric sulfate burden (mg/m?) based on Boucher and Pham [2002] and Pham et al. [2005] — over the
Tibetan Plateau between 1851 to 2100 at three different elevations.

4.3 Effect of surface water vapor on winter warming

Both the observations and model demonstrate a prominent winter warming over the

plateau for the 1961-2000 period. The model simulation projects this pattern to continue
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during the 21% century (Figure 4.5a). Evaluation of surface energy fluxes suggests that
greater increases in DLR, relative to ULR, during the winter months at all elevations are
associated with a greater warming of the plateau during winter (Figure 4.5b).

Figures 4.6d and f show that the modeled changes in DLR correspond to the changes
in surface vapor pressure. Partial correlations indicate that vapor pressure is positively
correlated (r = 0.5 — 0.7) to DLR at all elevations, though not as strongly as to surface
temperature (r > 0.85). The large increases in modeled DLR during winter appear to be
associated with a greater sensitivity for the atmospheric absorption of longwave radiation
at low atmospheric water vapor content which occurs during the cold season. This effect,
therefore, also becomes larger at higher elevations. Ruckstuhl et al. [2007] present
observational evidence from the Alps to support this conclusion. They suggest an
enhancement in the absorption of outgoing longwave radiation in the atmospheric
window (8-13 wm) at higher elevations where the average atmospheric vapor
concentrations are lower. This absorption gain should be greatest during the winter
months when the atmospheric water vapor content is lowest over the plateau.

Figure 4.7 shows the modeled relationship between DLR and surface specific
humidity (q) for each season and elevation range. The model’s power law relationship
(DLR=156.6*q"**), obtained using all the data points shown in Figure 4.7, is comparable
to the power law relationship of Ruckstuhl et al. [2007] for all sky conditions in the Swiss
Alps. The model’s power law does better in capturing the relationship between DLR and
q at higher elevations (2500-5300m), whereas the power law from Ruckstuhl et al. [2007]
does better at 0-2500m. The model shows a slightly higher sensitivity of DLR to q as

compared to the sensitivity from the power law relationship of Ruckstuhl et al. [2007]
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when q is higher than 0.7 g/kg, e.g., the model sensitivity is 1.6 % higher during winter at

4000-5300m where the average observed q is 1.1 g/kg between 1961-2000.
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Figure 4.7 Seasonally resolved modeled relationship between DLR and q for three different elevation
regions in the Tibetan Plateau. Each point is a decadally averaged value for the period between 1950 and
2100. For each season the points move upward and to the right with time. The power law curves are
DLR=181.4*q"* [Rucksthul et al., 2007] and DLR=156.6*q"** (model). The arrows indicate the location
of mean values of observed q over the plateau for the 1961-2000 period during winter (W), spring (Sp),

summer (S) and fall (F).
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Table 4.1 Comparison of sensitivities (A) of DLR to q between relationships obtained from the model and
Rucksthul et al. [2007] at different elevations in the Tibetan Plateau. A (W.m>kg.g") measurements are based
on the average values of q (g.kg") between 1961-2000

Elevation 4000-5300m 2500-4000m 0-2500m
A A A A A A
(model)  (Rucksthul et al.) (model)  (Rucksthul etal.) (model) (Rucksthul et al.)
Winter 50.5 49.7 38.1 36.7 323 30.7
Spring 27.2 25.5 21.8 20.2 19.9 18.3
Summer 14.4 12.9 12.8 11.3 12.0 10.6
Fall 22.2 20.5 18.8 17.1 17.5 15.9

I calculated seasonal increases in DLR over the Tibetan Plateau resulting from the
observed increases in q for the 1961-2000 period based on the sensitivity obtained from
the power law relationships of Rucksthul et al. [2007] and the model as described in
Table 4.1. The change in DLR for each season can be calculated as ADLR = A*Aq, where
Aq is the observed change in q from 1961-2000. Figure 4.8 shows similar increases in
DLR estimated using both power law relationships. Calculations of ADLR based on the
estimated A suggest large increases in DLR during cold seasons at 4000-5300m (15 and
11 W/m? for winter and spring, respectively) and 2500-4000m (10 and 7 W/m? for winter
and spring, respectively) (Figure 4.8). These large increases in DLR during winter and
spring months at high altitudes can, in part, facilitate a more prominent warming of the
surface during these months, particularly increases in the minimum temperature (Figure
4.2¢). For the 21% century, further warming of the atmosphere under the continuing
greenhouse gas forcing will increase the atmospheric water vapor content. As the q
values during cold seasons are expected to stay in the range that has large sensitivities to
DLR during the 21% century, we expect large increments in the absorption and re-

emission of longwave radiation in the surface boundary layer. Therefore, for most of the
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21% century, we expect a large warming trend in winter at high elevation due to increases

in the surface water vapor over the plateau.
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Figure 4.8 Seasonally estimated DLR changes from the observed q changes over the three elevation
regions of the Tibetan Plateau for the 1961-2000 period. Estimations of changes in DLR are compared
between sensitivities of DLR to q obtained from the power law relationship of Rucksthul et al. [2007]
(above) and the model (below).

Modeled increases in DLR over the plateau appear to be primarily associated with
increases in q between 1950-2100 (Figure 4.9). The changes in DLR and q are strongly
correlated, particularly, at the highest elevation (r > 0.99). Furthermore, Figure 4.9 shows
that smaller increases in q at 4000-5300m are associated with large increases in DLR
during the cold season (winter, early spring and late fall). The sensitivity of DLR to q
becomes increasingly greater when q is less than 2.5 g/kg. Changes in the modeled cloud

cover are small and not correlated with changes in DLR over the plateau, except during
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winter at 4000-5300m (Figure 4.10). However, even for the latter case, only the partial
correlation of DLR to q is significant. Moreover, the observed cloud cover is decreasing
between 1961-2000 except at the lowest elevations (Figure 4.5¢); the largest decreases
are at 4000-5300 during winter and summer months. Duan and Wu [2006] suggest
increases in the observed low level nocturnal cloud cover over the plateau between 1961-
2003, even though the total cloud cover is decreasing during this period. However, there
does not appear to be any apparent elevation dependence to this phenomenon in their
analysis.

For the 21* century, the largest increase in modeled DLR at higher elevations occurs
in winter (Figures 4.5b, 4.8). Wintertime increases in DLR at 4000-5300m are 40%
higher than the increases at 0-2500m. These increases will tend to warm the higher
elevations more than the lower elevations during winter.
4.4. Effect of snow cover extent on warming in spring and fall

The model, unlike the observations, does not show as large a warming during fall in
the plateau (Figure 4.5a). For both the model and observations, fall has a slightly higher
water vapor content than spring. Observations show similar increases in q for spring and
fall between 1961-2000. Considering similar sensitivities of DLR to q during both spring
and fall, the water vapor influences on DLR during fall are not significant enough to
cause the larger observed warming of the surface as compared to spring.

Observed increases in the maximum temperature at all elevations during fall are much
larger than during spring between 1961 and 2000; the minimum temperature increases are
similar for both seasons. We propose that this phenomenon is, in part, associated with

changes in snow cover in the region. Xu et al. [2007] report a widespread decrease in
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precipitation over the plateau during the summer months between 1960 and 2000, and
significant increases during spring. The latter is consistent with the increases in spring
snow depth [Zhang et al., 2004] and cloud cover [Li et al., 2005] over the plateau since
the mid-1970s. The observations used in our study suggest that precipitation increases
during winter and spring with smaller decreases during fall (low elevation) and summer
(high elevation) (Figure 4.2g-h). Therefore, the large increases in the maximum
temperature during fall relative to spring in the plateau from 1960-2000 could be, in part,
a result of a possible increase in snow cover extent during spring and a reduction during
fall. Snow on the ground greatly reduces the absorption of solar radiation at the surface
hence suppressing the maximum temperature more than the minimum temperature [e.g.
Leathers et al., 1995]. Moreover, comparable increases in the minimum temperatures
during these two seasons can be partly explained by similar increases in DLR.

The model simulation shows that the largest increase in maximum and minimum
temperatures occurs in spring followed by winter in the latter half of the 20" century. Fall
has the smallest increases in both. This pattern is mostly explained by a large decrease in
snow cover during spring (2500 — 5300m), summer (> 4000m) and winter (2500-4000m),
while fall had the smallest change in snow cover. For the 21* century, Figure 4.11 shows
that there are large decreases in snow cover (>10%) at 4000-5300m during spring, fall
and summer, and at 2500-4000m during winter and spring. This corresponds with
increases in the surface absorption of incoming solar radiation. There is little change in
the snow cover at 0-2500m because there is very little annual snowfall associated with

these regions in the model.
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Figure 4.9 Seasonal changes in decadal means with respect to 1950s in DLR (W/m?; left axis) and q (g/kg;
right axis) for each decade between 1960s and 2090s at the three elevation regions in the Tibetan Plateau.
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Figure 4.10 Same as Figure 4.9 but for DLR (W/m?) and cloud cover (%)
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Figure 4.11 Same as Figure 4.9 but for ASR (W/m?) and snow cover (%)

Snow (%)

Snow (%)

Snow (%)

Snow (%)

ASR (Wim™)

ASR (Wim?)

2500-4000m
30
20
10
[}
=10
=20
-30
30 T2
-3 ASR
20 —#— Snow Cover
T 10
10
& e
0 ;Q_@ tg-0-0-& + 0
-10 han S S
el qp
-20
k1
-30 d -20
30 T20
-4 ASR
20 + Snow Cover
10
10
[}
=10
110
-20
5
-3 + 20
30 T 20
- ASR
20 —#— Snow Cover
T10
10
0 .—.3_—:&_...3.‘. : __Q__i.o.o..g.o.o_ 0
-10 R e )
-10
=20
F
-3 - 20
1960 2000 2040 2080

Snow (%)

Snow (%)

Snow (%)

Snow (%)

ASR (Wim~)

ASR (Wim?)

47

0-2500m
30 - T20
-#- ASR
20 4 % Snow Cover
T 10
10
e * 1
DiELEEe s et ety O
=101
T -10
=20
w
a0 - ]
30 T 20
o ASR
20 | —* Snow Cover
+10
10 1
0 (#--a-bg e 1]
= Wo.o- -
=10
T -10
-20 -
5
30 LA
30 4 T20
@ ASR
a0 | —* Snow Cover
T 10
10 4
Djadpesssssssase
RROHEE >
10
+ =10
20
5
a0 - ]
30 20
- ASR
20 1 % Snow Cover
10
10
AR e 3e o oa s 2 g ball
=10
=10
20
F
30 -20

1960 2000 2040 2080

Snow (%)

Snow (%)

Snow (%)

Snow (%)



48

4000-5300m 2500-4000m 0-2500m
6 30 6 - 30 & - 30
5 .,;r"- 25 54 - 25 5 - 25
¥ - . a . a
g4 7 L 20 E G4 o 20E o4 r20E
4 . g §a ~ 5 = 53 5 =
= L 15 = t
g’ J g 4 ;3 ] o 8
& ! -Z L5 o {
g2 *,,v- w3 g2 _./“/ 102 g2 }/ 102
~ td . & .
& ./.,—/ 5§ ] s.o 15 3 | e rs 2
04 o o o a4, ® to
w ae W w
1 5 1 -] 1 3
6 30 6 - 30 & - 30
8 J’_,-zs_ 54 s 5 fos
G4 P L o4 o E a4 - 20 E
s = e i - =
EER / LisZ> §a » 5z 5 f15 %
[ g A | r"/ Q = : w
227 L 2 g2 10 ] — Lyp =
g i o g . ] 5 ﬂ/ i
tH 3 4 ] 4 @ i
Z ‘/,/" ts % LR - s 3 39 e 5 8
0 {9 o 0 {4 : o 015 ro
sp b Sp 5p
1 -5 -1 - -5 1 5
g 30 6 30 ] - 30
5 | 25 54 - 25 5 [ 28
G4 o0 E g4 r2o'E g+ T E
& J_.”F“” £ Ea $20 45 = 53 15 S
e, | | = g
2° By 3 & g 3 s 5
%’2- / -103 &2 'l 03 iz - 10 %
.
< } x 2 g 5 5 2 9 E 5
=1 ’_,"—-.-a-/' 5 2 ,—‘--'-/ a = - =
D e log 0 | i ro 0% -0
5 & s
. = 1 5 1 L 5
6 30 6 - 30 & - 30
5 L 25 51 L 25 5 L 25
o4 2 E o4 L20E G4 20 E
- - [ o = @ =
53 o Lis S §af A 5T B L1s 2
£ 5 I g T caee” G
52- rws E.‘E P03 E.'z P re g
29 /.,_.f -5% | */r‘ rs 3 21 ./h.q--/ rs 3
0w Lo 0 g Lo R Lo
= F F F
A _5 -1 -5 -1 s - 5
1960 2000 2040 2080 1860 2000 2040 2080 1960 2000 2040 2080
—e— Temperature -o-DLR - ASR

Figure 4.12 Same as Figure 4.9 but for temperature (C), DLR (W/m?) and ASR (W/m?)

As the region warms during the 21* century, we expect continuous reduction in snow
cover during spring and summer at higher elevation as suggested by the model. This
effect would accelerate the surface warming during spring and summer through the
mechanism of snow-albedo feedback. It is possible that the last decade of the 20" century
is already exhibiting this process when one accounts for a sudden increase in spring and

summer temperatures at high elevations as described in section 4.1.
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During the 21* century, Figure 4.11 shows that ASR increases significantly more at the
highest elevation than at the lower elevations during spring and summer despite a small
increasing trend in cloud cover at higher elevations (Figure 4.10). The cloud cover
generally decreases at the lower elevations. Therefore, the greater increases in the
simulated ASR trends at higher elevations appears to be primarily associated with greater
decreases in snow cover at higher elevations (> 2500m) during the 1961-2100 period,
whereas the lower elevation regions have little snow cover extent in the model. The
elevation-based decreases in snow cover during spring and summer will, therefore, cause
larger warming at higher elevations through the snow-albedo feedback mechanism.

4.5 Effect of aerosols on surface warming

Figure 4.11 shows decreases in ASR between 1970 and 2040 in the lower elevations.
These decreases are particularly large during summer. Annually, these decreases appear
to be associated with increases in the atmospheric aerosol burden between 1970 and 2040
(Figure 4.6h). The trends in the atmospheric sulfate burden over low-elevation regions
are at least two times higher than at high-elevation sites, both in past estimates and the
projected scenario. Seasonally, the largest aerosol burden occurs during summer.

Moreover, the model projects large increases in the atmospheric sulfate burden until
the middle of the 21% century over the low elevation regions in the plateau, particularly
during the warm season (May — September), which reduce the net solar radiation at the
surface and, hence, the ASR. This factor further intensifies the EDW in the plateau by
differentially decreasing the ASR in the lower elevation regions.

The spring and summer temperatures have risen sharply over the plateau in the last

decade of the 20" century, and this trend is likely to continue and accelerate during the
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21% century under the influence of the global greenhouse warming. A continuous increase
in warming during spring and summer in the 21% century will increasingly influence the
extent of snow cover in the high elevation regions. Therefore, the EDW phenomenon
may intensify, particularly during the early half of the 21* century, due to elevation
dependent increases in DLR and ASR as predicted by the model.

4.6 Conclusions

In this chapter, we have used a global climate model to understand the mechanisms for
the observed climate change reported over the Tibetan Plateau in the latter half of the 20"
century [Du et al., 2004; Liu and Chen, 2000; Niu et al., 2004; Xu et al., 2007] and to
examine potential climatic changes through the 21* century.

The model simulation generates a 4°C warming between 1951-2100 over the Tibetan
Plateau relative to the pre-industrial climate under the SRES A1B scenario. The largest
warming rates in the model occur during winter and spring. For the 1961-2000 period, the
simulated warming is similar to the observed trend. The model experiment also generates
an EDW trend over the plateau between 1951-2100. This trend becomes larger in the
latter half of the 21* century. An EDW over the plateau is simulated for all seasons in the
model between 1950-2100, however the effect is more significant during winter and
spring (Figure 4.12). For the 1961-2000 period, the model’s EDW trend is comparable to
the observed trend reported by Liu and Chen [2000]. Similar to the temperature trend,
there are elevation based increases in surface vapor pressure, absorbed solar radiation
(ASR), downward longwave radiation (DLR) and latent heat fluxes, and decreases in the

snow cover between 1951-2100. The increases in atmospheric sulfate burden, which peak
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around 2030 and decrease in the latter half of the 21% century, are much larger at lower
elevations than at the higher elevations.

The analysis of the model simulation suggests that an accelerated wintertime warming
results from large increases in DLR during the winter months. These increases in DLR
are sensitive to changes in specific humidity, particularly when the specific humidity is
low [Ruckstuhl et al., 2007], which occurs most prominently during the winter months
and at high elevations. This mechanism, therefore, tends to cause the largest net increases
in DLR at higher elevations during the winter months in the model and consequently
appears to cause an EDW in the plateau during winter. This mechanism is also important
during spring and fall, although it is not as strong.

Another factor in the warming is the snow albedo effect. There are large increases in
ASR at higher elevation, particularly during spring and summer, which can increase the
surface temperature. These increases in ASR are largely associated with decreases in
snow cover. Previous modeling studies have also suggested that snow-albedo feedback is
one of the primary factors in causing an EDW in the high mountain regions [Chen et al.,
2003; Giorgi et al., 1997].

Moreover, there is a decreasing trend in ASR in the low elevation region in the early
half of the 21* century due to large increases in the atmospheric sulfate burden relative to
the high elevation sites. The net effect of changes in snow cover and atmospheric sulfate
burden is to produce an elevation dependent increase in ASR during the 21 century.
Observations suggest that snow cover over the plateau has not been significantly affected
during spring in the latter half of the 20" century. However, as the greenhouse warming

continues into the 21 century, the surface warming during spring and summer is likely to
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accelerate, particularly at higher elevations, due to a continuous reduction in the snow
cover.

The analysis suggests that the Tibetan Plateau would experience a large warming
(4°C) during the 21% century under the SRES A1B scenario. This warming is likely to be
more pronounced at the higher elevations in the plateau due to (a) increases in DLR
caused by surface humidity increases during cold seasons and (b) increases in ASR
caused by decreases in the snow cover extent during spring and summer, and (c) larger
aerosol concentrations at lower elevations. The elevation-based changes in surface energy
balance affected by changes in surface humidity, snow cover and atmospheric aerosol

will also tend to produce an EDW trend over the plateau during the 21 century.
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Chapter 5: 20" Century Climate Change In The San Juan Mountains In

Southwest Colorado

Investigating long term trends in climate and hydrological variables and explaining the

causes for a rapid climate change in the region between 1985-2005

Results from chapter 4 demonstrated the importance of increases in specific humidity
in accelerating warming during the cold season in the high altitude region of the Tibetan
Plateau during the late 20" century and the 21 century. In this chapter I examine
another high altitude region — the San Juan Mountains in southwest Colorado — to
determine whether the effects of changes in specific humidity on winter warming are
similar. Description of the region is provided in section 2.3 (see also Figure 2.3 for the
region’s map). Trends in temperature and hydrological variables (precipitation, snow
water equivalent, snowdepth and streamflow) in the San Juan Mountain (SJM) region
during the 20" century are examined. The available digitized instrumental record is used
to investigate interrelationships among these variables in order to understand the
mechanisms involved in triggering long- and short-term climate and hydrological
changes. Since this region is much smaller than the Tibetan Plateau, the resolution of the
global climate model is too coarse to allow a similar analysis of potential climate change
through the 21% century.

Section 5.1 describes the temperature trends in the SIM region during the 20" century.
Section 5.2 analyzes the effect of changes in surface specific humidity on a winter
warming trend during recent decades. Section 5.3 describes the 20" century trends in
precipitation, snowdepth and snow water equivalent (SWE) and their relationship with

the warming in recent decades. Section 5.4 discusses a long-term streamflow trend and a
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relationship among precipitation, snowdepth and streamflow in recent decades. Section
5.5 provides a brief discussion.
5.1 Temperature trends in the 20" century

The analysis of surface air temperature in the San Juan Mountain (SJM) region from
1906-2005 suggests an increase in the mean annual temperature by 1°C in the region
during the first half of the 20" century (Figure 5.1). There is a gradual cooling of about
0.5°C between 1960 and 1980 which is followed by a recovery to the 1960 level. A
period of relatively little trend occurs between 1985 to 1995, which is then followed by a
rapid and secular increase in surface temperature by about 1°C between 1996-2005.
Overall, it appears that the mean annual surface air temperature in the region has
increased by about 2°C over the 100-year period, considered in this study. Moreover
temperature trends from the SNOTEL sites in the region also suggest a 1 °C increase in
surface air temperature from 1985-2005; most of this increase happens during the 1996-
2005 period which is correlated (r = 0.68) with the NWS temperature trends.

There is less confidence in the temperature trend between 1906-1948 owing to a much
smaller number of stations for which the record is digitized during that period.
Nonetheless for the 1906-2005 period, when temperature trends are compared between
observations collected from all available data and observations from only three stations
for which data are available between 1906-1910, there is a strong correlation (r = 0.95)

between the two trends (Figure 5.2).
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Figure 5.1 Anomalies in the mean annual surface air temperature from 1906-2005 in the San Juan
Mountain region. Dark circles describe the absolute value of the anomalies in the surface temperature
obtained from the NWS 1% and 2™ order stations. The trend described by the thick dark line is a 5-year
running mean of the data. The dashed lines demonstrate the average deviation of data about the mean. The
anomalies are calculated against the mean for the 1960-1990 period. The red line shows the trend (5-year
running mean) in the surface temperature anomalies from the SNOTEL sites. The numerical values
describe the number of weather stations from which the average anomalies were extracted between the time
periods marked by the vertical dashed lines.
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Figure 5.2 Same as Figure 5.1 except that the red curve shows a temperature trend from only the three
NWS stations for which there exist a digitized record between 1906-1910.



56

The trends in annual maximum temperatures are similar to the annual mean
temperatures (r = 0.90). These include a gradual warming of 1.5°C between 1906-1940, a
weak warming trend between 1940-1960, a cooling of 1°C between 1960-1985, and an
abrupt warming of about 1.5°C between 1985-2005 (Figure 5.3). The latter is also

observed at the SNOTEL sites (r = 0.71).

Maximum
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Figure 5.3 Same as Figure 5.1 but for the mean annual maximum temperature.

The annual minimum temperatures in the SJIM region show little trend for most of the
observational record prior to 1995, except a 0.5°C cooling between 1970 and 1980
(Figure 5.4). A secular warming of 1°C has occurred between 1995-2005, which is
similar to the increase observed at the SNOTEL sites (r = 0.73). Unlike SNOTEL trends,
the NWS trends show a very high increase in minimum temperature (1°C) within a period

of less than 5 years, starting in 1995, followed by near constant temperatures until 2005.
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Figure 5.4 Same as Figure 5.1 but for the mean annual minimum temperature.

The trend in annual diurnal temperature range (DTR; maximum - minimum
temperature) shows an increase of 2.5°C between 1906 and 1935, no apparent trend
between 1935 and 1980, and decrease by at least 0.5°C between 1980 and 2005 (Figure
5.5). The increase in DTR from 1906 to 1935 appears to be due to an increase in
maximum temperature. However, the decreases in DTR between 1980 and 2005 appear
to be, in part, associated with the increase in the minimum temperature.

Overall, it appears that the climate of the SJM region has warmed by 2°C during the
1906-2005 period. The warming has occurred primarily during the 1906-1940 and 1995-
2005 periods. It appears that most of the warming between 1906-1940 is related to
increases in the maximum temperature. However, there is less confidence in making this
inference owing to a much smaller number of station records for that period and a large
variability in data, particularly in the minimum temperature. On the other hand, there is

much higher confidence in trends from the most recent decades (1985-2005) owing to a
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larger number of NWS station records as well as the additional records from the

SNOTEL sites in the region.
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Figure 5.5 Same as Figure 5.1 but for the diurnal temperature range (DTR).

During the 1995-2005 period, increases in the minimum temperature occur earlier, and
are slightly greater than the increases in maximum temperature. Table 5.1 shows that
temperatures are correlated between the NWS and SNOTEL sites on an annual basis.
However, this correlation tends to vary seasonally. For instance, the correlation is much

greater between the two sites during spring.

Table 5.1 Correlations (r) of annual and spring temperatures between the NWS (26) and SNOTEL (23)
sites.

Temperature Correlation (r)
Annual (Daily Average) 0.68
Annual (Daily Maximum) 0.71
Annual (Daily Minimum) 0.73
Spring (Daily Average) 0.93
Spring (Daily Maximum) 0.85

Spring (Daily Minimum) 0.93
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Figure 5.6 shows trends in daily average, maximum, minimum and seasonal
temperatures at both the NWS and SNOTEL sites during the three decades: 1975-1985,
1985-95 and 1995-2005. Comparing warming trends during these three periods, it is
apparent that the largest warming occurs during the 1995-2005 period in all the panels in
the figure; the exceptions being (a) greater increases in the minimum temperature
between 1975-1985 at the NWS sites, (b) similar increases in the summer and spring
temperatures during the 1975-1985 and 1995-2005 periods at NWS sites and (c) greater
winter warming during the 1985-1995 period at the SNOTEL sites.

Figure 5.7 shows a comparison of annual and seasonal temperature trends between the
NWS and SNOTEL sites between 1985-2005, a period for which the SNOTEL data are
available. At the NWS sites, mean annual temperature increases by 0.55°C/decade. The
increase in the minimum temperature (0.7°C/decade) is greater than the increase in the
maximum temperature (0.5°C/decade). On a seasonal basis, winter months experience the
largest warming (1.0°C/decade), which is more than two times the warming during spring
(0.3°C/decade), summer (0.4°C/decade) and fall (0.55°C/decade). At the SNOTEL sites,
where the increases in surface temperatures are overall higher than the NWS sites, there
is a similar increase in the average, maximum, minimum, winter and spring temperatures
(~0.8°C/decade); the summer increase is higher at 1.0°C/decade and the fall is lower at
0.55°C/decade. Prominent temperature increases at NWS sites occur during winter, and at
SNOTEL sites during spring and summer.

Overall, there is a larger warming at the SNOTEL sites as compared to the NWS sites,
except during winter. On an annual basis, the SNOTEL sites record about 20% higher

warming rates than the NWS sites. During spring and summer, the warming at SNOTEL
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sites is two times higher than at NWS sites; the warming is similar at both sites during
fall. Moreover, the variability in the warming is similar at both sites except during
summer and fall when it is slightly lower at NWS sites.

The SNOTEL sites (average elevation = 10,500 ft) are about 2500 ft higher than the
NWS sites (average elevation = 7,000 ft) and the former experiences the bulk of
snowmelt later in the year than the NWS sites. It is further interesting to note that for the
period of 1985-2005, there is higher correlation between the winter and annual trends in
temperature for the NWS sites (r = 0.79), and between the spring and annual trends for
the SNOTEL sites (r = 0.78). A weak correlation (r = 0.40) exists between the spring and
annual trends for the NWS sites for the same time period. Therefore, depending on the
elevation of a site, a specific season could be more important in influencing the trend in
warming on an annual basis. Moreover during the last few decades, there appears to be a
shift in the seasons for which the warming rate was the highest. For example, at the NWS
sites, the spring months had significantly higher warming rates for 1975-1985 than
winter, however, for 1985-1995 and 1995-2005, the winter months show higher warming

rates than spring (Figure 5.6).
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Figure 5.6 Mean trends in daily average, maximum, minimum, winter, spring, summer and fall surface air
temperature (C/decade) from three recent decades 1975-85, 1985-95 and 1995-05 in the San Juan Mountain
region from both the NWS and SNOTEL observation. Error bars show the standard deviation in the data
from the mean.
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Figure 5.7 Mean trends in daily average, maximum, minimum, winter, spring, summer and fall surface air
temperature (C/decade) during the 1985 - 2005 period in the San Juan Mountain region from both the NWS
and SNOTEL observations. Error bars show the standard deviation in the data from the mean.

Unlike the maximum temperatures, the minimum temperatures in the region have
increased more recently, since 1975. Moreover, it is interesting to find similar increases
in the minimum and maximum temperatures at the SNOTEL sites. Review studies of late
20" century climate change at different mountain regions around the world by [Beniston
et al., 1997] and [Diaz and Bradley, 1997] find that minimum temperatures have
increased two times more than maximum temperatures. Therefore, it is possible that at
elevations corresponding to the SNOTEL sites in the SJM region there is a greater
influence of certain climatic feedbacks, such as the snow-albedo feedback, which tend to
increase the maximum temperature more than the minimum temperatures.

Figure 5.8 shows that the general pattern of warming in the SJM region during the 20"

century is similar to the pattern observed at the global scale — (i) a gradual warming



63

during the early half of the century, (ii) a mid-century cooling and (iii) a relatively rapid
warming in the latter part of the century. In the SJM region, the surface warming is twice
that of the global average during the 20" century. The mid century cooling and the late
century warming occurred later in the SJM region as compared to the global trend,
however the latter occurred much more rapidly.

The SIM region experienced a cooling of about 1°C between 1960-1980. A similar
change was observed for the maximum temperatures. However, the minimum
temperature increased by a few tenths of a degree (~0.4°C) from 1955 to 1970, and
decreased by more than 0.5°C from 1970 to 1980. It is interesting to note that the period
from 1950-1980 was predominantly La Nifia as well as the cool phase (positive) of PDO
(Pacific Decadal Oscillation), both of which are associated with warm and dry winters
over the southwestern Colorado [Edwards and Redmond, 2005]. However, between 1960
and 1980, the winter temperatures are much lower than the mean for the 1960-1990
period. Overall, the relationship of winter temperatures to ENSO and PDO is unclear for
the SIM region from 1950 to 1990, in fact the relationship appears to be just the opposite
to the one proposed in Edwards and Redmond [2005]. One possible explanation for an
increase in the minimum temperature and a decrease in the maximum temperature during
the 1960s and 1970s could be related to the “solar dimming” phenomenon during this
period, which is thought to be, in part, responsible for a global scale cooling (see Figure
5.8), though mostly restricted to the northern hemisphere, from 1940 to 1980 [Stanhill
and Cohen, 2001; Wild et al., 2005]. One of the direct effects of particulate pollution in
the atmosphere is to reduce incoming solar radiation at the surface, thereby, causing a

decrease in daytime heating of the surface and hence affecting the maximum temperature.
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Figure 5.8 Comparison of SIM (all NWS stations) and global (land + ocean) surface air temperature
anomalies. Curves are five year running mean. Global temperature anomalies are obtained from the
National Climatic Data Center
(http://www.ncdc.noaa.gov/oal/climate/research/anomalies/anomalies.html#anomalies)

Figure 5.9a provides a comparison of the warming trend in Western Colorado, which
includes the study region, to other regions in the US during the recent decades (1985-
2005). It appears that the warming in Western Colorado has been one of the highest in the
contiguous US during the recent decades, particularly between 2000-2007 as shown by
Redmond [2007] and Saunders et al. [2008] (see also Figure 5.9b) The 1985-2005
warming in the SJM is greater than the trend for Western Colorado. In subsequent
sections I examine the causes for this rapid warming in the SJM region, particularly the
role of specific humidity on winter warming. Subsequent sections will also examine the
trends in snowfall, precipitation, and streamflow in the region and their interrelationships

to this rapid warming trend in recent decades.
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Figure 5.9 (a) Temperature trends (C/decade) across different geographic regions of the US compared to
Western Colorado for the 1985-2005 period. Trends are estimated using the 5° x 5° gridded GHCN (Global
Historical Climatology Network) land surface dataset provided by NCDC, NOAA. (b) Average
temperatures in 2000 - 2007 compared to averages for 1901 - 2000. Source: Dr. Martin Hoerling, National
Oceanic and Atmospheric Administration (reproduced from Saunders et al. [2008])

5.2 Effect of water vapor on the late 20" century warming
In this section I evaluate the effects of changes in specific humidity on the winter
warming observed over the SIM region. This analysis is similar to the one done for the

Tibetan Plateau in section 4.3. An investigation for any long-term humidity data in the
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SJM region did not yield any successful result, not even for any observations during the
last 15 years. The only comprehensive network of observations for humidity is available
through the Real-time Observation Monitor and Analysis Network (ROMAN;

http://raws.wrh.noaa.gov/roman), however it goes back only as far as 1997 and for fewer

stations in the region. Moreover, the data are digitized on an hourly basis. Therefore, in
absence of finding any long term humidity data from the SIM region I based my analysis
on humidity data available from a single station at Gothic, CO, which is situated slightly
north of the study region. Comprehensive hourly data from this station are available from
1990 to 2007. Details of the station are provided in section 2.3.

In Figures 5.10-5.12, I have compared monthly trends in the mean, maximum and
minimum temperature between the SJM region (both NWS and SNOTEL sites) and the
Gothic station between 1990 and 2005. The monthly temperature trends between the STM
region and Gothic are, for the most part, similar in sign and relative proportion of the
magnitude on a monthly basis. An obvious cooling during February and significantly
large warming during January, May and July are observed at both the SIM region and the
Gothic station. Overall, the temperature changes at the Gothic station are similar to those
in the SJM region.

The trends at the Gothic station appear to be more similar to the average trends from
the SNOTEL sites. This might be partly due to a higher elevation of the Gothic (9,474 ft)
station compared to the average elevation of the NWS stations (7,500 ft) in the SIM
region. On a monthly basis, there are large differences in the magnitude of warming
between NWS and SNOTEL sites (Figure 5.10). SNOTEL sites show higher warming

trends during spring (April and May) and summer (June and July) months, whereas NWS
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stations show a higher warming trend during winter months (November through January).
Moreover, at the Gothic station, the minimum temperature (Tmin) increases more than
the maximum temperature (Tmax) during winter and the converse is true during spring
and summer. A greater increase in Tmax during April and May could be suggestive of
significant decreases in snow cover in the region as supported by monthly trends in the
snowdepth shown in Figure 5.22. Larger Tmax increases during June and, particularly,
July could be a result of decreases in cloud cover, which is supported, in part, by an
indirect evidence that the monsoon (July-August) precipitation has been declining since

the mid-1980s (Figure 5.25).
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Figure 5.10 Linear trends in the mean temperature (C/decade) at the NWS and SNOTEL sites in the SIM
region compared to Gothic, CO from 1990-2005.
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Figure 5.11 Same as Figure 5.10 but for the maximum temperature
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Figure 5.12 Same as Figure 5.10 but for the minimum temperature
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Figure 5.13 Linear trends in the mean, maximum and minimum temperature at Gothic, CO from 1990-
2005.

On the other hand, the higher increases in Tmin during winter at Gothic could, in part,
be caused by the humidity-downward longwave feedback mechanism discussed in
section 4.3 for the Tibetan Plateau. Therefore in this section, I intend to examine the
potential effects of increases in humidity on a warming trend during the winter months at
Gothic as done for the Tibetan Plateau in section 4.3. Figure 5.14 shows the trends in the
mean temperature and specific humidity (q) at Gothic from 1990-2005. Large increases
in temperature occur in January, April, May, July and November. On an absolute basis, q
increases in all months except September; the largest increases occur in January, June,
July and October. However, the normalized increases in q are only obvious during the

cold season particularly in January, October, November and December.
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Figure 5.14 Monthly trends in the mean temperature (left axis) and humidity (right axis) at Gothic from
1990 to 2005. Humidity trends are plotted as (a) absolute values and (b) normalized by mean by respective
monthly means for the 1990-2005 period.

Figure 5.15 shows a linear relationship in temperature changes (AT) to the changes in
q (Aq) between consecutive days at the Gothic station for January, May, July and
November using the whole record. The choice of these four months is based on the fact
that these months experience the highest warming rate for the season they represent. The

figure shows that, during January and November, there is a positive relationship between
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AT and Aq; Aq tends to explain more than 50% of variability in AT. For May and July,

there does not appear to be any relationship between AT and Aq.
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Figure 5.15 Relationship between changes in temperature (delta T) and humidity (delta q) during January,
May, July and November at Gothic, CO obtained for the 1990-2007 period. Changes in T and q represent
difference between the daily averages of two consecutive days. Each point in figure represents a weekly
average of delta T and delta q values.

Moreover, the relationship between AT and Aq for February, as shown in Figure 5.16,
is similar to January even though February is the only month that has experienced a
cooling trend between 1990-2005. Therefore, both Figures 5.15 and 5.16 suggest that
increases in temperature at Gothic are sensitive to increases in q during the cold seasons.
As discussed in section 4.3, an increase in downward longwave radiation (DLR) is
approximately proportional to the logarithm of low-level humidity owing to the
distribution of lines of absorption and emission of thermal radiation by water vapor

[Ruckstuhl et al., 2007]. Therefore, changes in specific humidity (q) have a greater effect
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on DLR in cold seasons and higher elevations where the initial q is smaller. Figure 5.17
shows an estimation of the power law relationship between DLR and q for the SIM
region based on the observations from two high elevation sites near Silverton, CO —
SASP and SBSP (details provided in section 2.3). A slope at any location on the curve
describes sensitivity (A) of DLR to q. As q becomes smaller, the slope, and hence the
sensitivity of DLR to changes in q becomes larger. Table 5.3 provides an estimation of
monthly values of A for Gothic. Monthly changes in DLR at the Gothic station based on

changes in q between 1990 and 2005 are estimated by using the relationship between

DLR and q in Figure 5.17.

February

delta T

delta q

Figure 5.16 Same as Figure 5.15 but for February.
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Figure 5.17 Relationship between monthly averaged DLR and q from two high elevation sites in the SIM
region from daily observations made between 2005 and 2007.

As discussed in section 4.3, significantly large changes can be expected to occur in DLR
over the SJM region owing to changes in q when the latter is less than 2.5 g/kg. Table 5.2
suggests that the period of November through February have large sensitivities of DLR to
q. Figure 5.18 shows estimated changes in monthly DLR for Gothic between 1990 and
2005 based on observed changes in q and estimated A values in Table 5.2. Largest DLR
changes tend to occur in January, October, December and November. Large increases in
DLR during January and December coincides with large increases in temperatures.
Moreover during these months, the minimum temperature (Tmin) increases are greater
than the maximum temperature (Tmax) unlike May and July, which also experience large
warming trends, when the opposite is true (Tmax > Tmin). The large increases in Tmin
during January and December suggest, in part, a greater influence of DLR on the

warming trends in the SJM region during the winter months.
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Figure 5.18 Linear trends in maximum and minimum temperature (left axis) and estimated DLR (right
axis) for Gothic, CO from 1990 to 2005.

Table 5.2 Monthly estimates of A (Wm™/gkg™") based on the slope of the power law curve described in
Figure 5.19 at the monthly means of q (g/kg), also shown here, at Gothic between 1990-2005.

Month q A
Jan 2.0 24.2
Feb 2.1 23.1
Mar 2.5 20.5
Apr 3.0 17.8
May 3.8 14.5
Jun 4,5 12.8
Jul 6.6 9.6
Aug 7.1 9.1
Sep 5.3 114
Oct 34 15.9
Nov 2.4 20.6
Dec 1.9 25.4

5.3 Effect of precipitation and snow amount on the late 20" century warming

The annual snowfall (Nov-May) in the SIM region between 1906-1990 does not have
any long-term trend and varies between £ 20% of the mean for the 1960-1990 period
(Figure 5.19). Generally, there is higher precipitation in the early half of the century

(1906-1945) and lower in the middle of the century (1945-1970). However, there appears
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to be a decreasing trend since 1990. There is a 25% decrease in snowfall between 1995
and 2005, which is strongly correlated with the trends at the SNOTEL sites (r = 0.80).
Moreover to validate the long-term trend, a comparison of trends between 4 long-term
stations for which data are available before 1949 and all 22 stations shows a strong
correlation (r = 0.87) for the 1949-2005 period.

Furthermore between 1936 and 2005, the trends in snowfall appear to be strongly
correlated to the trends in SWE at both the SNOTEL and Snow Course sites (r ~ 0.83 for
both sites, see Figure 5.20). SWE trends from both sites, which are very strongly
correlated (r = 0.96), decrease by about 40% between 1995 and 2005. Furthermore, the
snowdepth, which is very strongly correlated to the SWE (r = 0.99) at the Snow Course

sites, decreases by about 25% between 1995 and 2005 (Figure 5.21).
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Figure 5.19 Same as 5.1 but for normalized snowfall trends. The anomalies are normalized by the mean of
the 1960-1990 period.
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Figure 5.20 Same as 5.19 but the red and blue curves describe normalized SWE trends for Snow Course
and SNOTEL sites, respectively
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Figure 5.21 Same as 5.19 but the red curve describe normalized snow-depth trends for Snow Course sites.
Figure 5.22 shows decadally averaged anomalies in snowfall and snowdepth between

1936 and 2005. The snowdepth follows the snowfall trend. There are decreasing trends in

both snowdepth and snowfall since the mid-1980s and it is most significant during the
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1996-2005 period — 20% reduction in snowfall and 10% reduction in snowdepth from the
base values. However, the trend in snowdepth is highly variable on a monthly basis.
Figure 5.23 shows the decadally averaged snowdepth trend between 1936 and 2005 for
February through May. For the 1996-2005 period, the snowdepth decreases during all
months. However, the largest decrease occurs in April, although the snowfall during
April has not changed significantly during that period, and in fact it seems to have

increased slightly as shown in Figure 5.24.
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Figure 5.22 Normalized decadal anomalies in snowfall (NWS and SNOTEL) and snowdepth (Snow
Course) in the San Juan Mountain Region from 1936-2005.

Figure 5.25 shows that snowfall and winter temperature in the SJM region appear to
be negatively correlated over most of the 1906-2005 period. Even though the relationship
does not appear to be strong, the warm phase of Pacific Decadal Oscillation (PDO) is

associated with higher snowfall, and the cool phase of PDO with lower snowfall between
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1906 and 1985 (r = 0.19). However, this relationship does not hold true, and is in fact
opposite, between 1985-2005. Similarly, it appears that between 1950 and 1970, La Nina
is associated with lower snowfall (r = 0.27). However, the generally accepted relationship
between El Nino and higher snowfall, and La Nina and lower snowfall for the Southwest
Colorado as described by Edwards and Redmond [2005] seems to completely break down

since the mid-1970s.
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Figure 5.23 Normalized monthly decadal anomalies in snowdepth (Snow Course) in the San Juan
Mountain Region from 1936-2005.
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Figure 5.24 Normalized decadal anomalies in snowfall (NWS and SNOTEL) and snowdepth (Snow
Course) during April in the San Juan Mountain Region from 1936-2005.
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Figure 5.25 20" century trends in winter temperature (°C) and snowfall (normalized) in the San Juan
Mountain Region. Curves are 10 year running mean.

The behavior of monsoon (Jul-Aug) precipitation over the SJM region does not show

any long term trend during the 1906-2005 period and varies between + 30% of the mean

for the 1960-1990 period (Figure 5.26). In the more recent decades, the monsoon seems
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to have been overall strong between 1980 and 2000, and sharply reduced (-30%) between
2000-2005. There is a strong correlation (r = 0.91) between the trends from NWS and
SNOTEL sites for the 1979-2005 period. Moreover to validate the long-term trend, a
comparison of trends between 4 long-term stations for which data are available before

1949 and all 22 stations shows a strong correlation (r = 0.94) for the 1949-2005 period.
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Figure 5.26 Same as Figure 5.19 but for normalized monsoon (Jul-Aug) precipitation trends.

Both El Nino (r = 0.23) and the warm phases of PDO (r = 0.22) are associated with
higher monsoon precipitation between 1906 and 1985. However, similar to the behavior
of snowfall, these relationships do not hold true between 1985 and 2005, and in fact
appear to have an opposite behavior (ENSO: r=-0.18; PDO: r=-0.13).

Significant decreases in snowfall in the recent decades (1990-2005) in SJM region
could not be explained by the climatic oscillations in the Pacific Ocean (PDO and
ENSO). It is possible that changes in the pattern of atmospheric circulation, unrelated to

PDO and ENSO, is in part modulating these trends in the snowfall over the SJIM region.
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Moreover, it appears that both SWE and snowdepth have decreased significantly during
this period. A greater decrease in snowdepth during the spring months (April and May),
without any significant changes in snowfall during these months, suggests that the snow
melting processes have intensified during the spring months in the recent decades, at
elevations corresponding to the Snow Course sites in the SJM region. An absence of
snowdepth observations at NWS sites does preclude any understanding of annual and
monthly trends in snowdepth at lower elevations (< 8500 ft) in the SIM region. The next
section provides an analysis on the streamflow trends in the region.
5.4 Effect of climate change on streamflow in the SJM region

A total of 56 observation stations in the SJM region that comprised 34 stations
maintained by the United States Geological Survey (USGS) and 22 stations by
Colorado’s Decision Support Systems (CDSS), were used to estimate the 20" century
trends in streamflow. Figure 5.27 shows the normalized anomalies in the annual
streamflow from all 57 stations. The streamflow in the region has been generally higher
in the early half of the 20™ century and lower the latter half. The annual flow between
1900-1950 is more than five times higher than the flow between 1951-2007. The lowest
flow in the record occurred between 2000-2004; 2002 recording the lowest ever in the

instrumental record.
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Figure 5.27 Annual streamflow anomalies (blue curve is a five-year running mean of the anomalies
normalized by the mean of the 1990-2005 period in the SJM region between 1900 and 2007, relative to the
mean of the 1990-2005 period, measured at both the USGS and CDSS gages. The black dots represent the
total number of gages for which the streamflow anomalies were measured for a particular year.

A comparison between the annual streamflow trends at USGS and CDSS, as shown in
Figure 5.28, demonstrates a high correlation (r = 0.92). Seasonally, more than 80% of the
flow occurs in spring and summer, which is approximately equally distributed during the
two seasons, and about 10% during fall. Moreover evaluating the long term trends during
each season, as shown in Figure 5.29, I find that summer shows the largest decrease in

flow in recent decades (see also Figure 5.30).

Table 5.3 Relationship of annual (USGS + CDSS) streamflow trends with snowdepth, SWE and
precipitation in the SJM region between 1941-2005.

R2

Snowdepth 0.61
SWE - Snow Course 0.57
SWE - SNOTEL 0.61

Precipitation (Nov-May) 0.58
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Figure 5.28 Same as Figure 5.27 but the annual streamflow anomalies are separated between USGS
(above) and CDSS (below).
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Figure 5.29 Same as Figure 5.27 but for seasonal streamflow anomalies, which are compared between the

USGS (left column) and CDSS (right column) gages.

Figure 5.30 compares the linear trends of annual and seasonal flows between USGS

and CDSS stations for the 1975-2005 and 1990-2005 periods. For both periods, there are

large decreases in the flow annually and during summer and fall. The largest decreases
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occur during summer. However, the summer decreases are much larger for the 1990-2005
period. A similar scenario is true during fall. On the contrary, the decreases in flow
during spring are becoming smaller between 1990-2005 as compared to 1975-2005. In
fact, the CDSS trends show a slight increase in the streamflow during the 1990-2005
period. The large decreases in the annual, summer and fall flows in recent decades and
relatively little change during spring months suggest that large increases in the snowmelt
during spring is having a strong impact on the seasonal flows — particularly during the
summer. Large increases in snowmelt in the recent decades are also suggested by large
decreasing trends in the snowdepth during April and May (see Figure 5.23). Moreover,
annual trends in snowfall, snowdepth and SWE explain 60% of the variability in the

annual streamflow trends between 1941-2005 (Table 5.3).
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Figure 5.30 Linear trends in streamflow (normalized by the mean of the 1990-2007 period) for the 1975-
2005 (above) and 1990-2005 (below) periods compiled separately for USGS (left) and CDSS (right) gages.
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5.5 Discussion

The 20" century trend in surface temperature in the SJM region is similar to the trend
observed globally — gradual warming in the early half of the century, slight cooling in the
mid-century and a rapid cooling during the late century. The mid century cooling started
later in the SJIM region and so did the late century warming, however the latter has been
much more rapid. Overall, the SIM region has warmed by 2°C between 1906-2005. Half
of this warming occurred between 1906-1950, however there are fewer than six
observation stations to confidently validate this trend. More recently, between 1996-
2005, the SJM region has experienced the most rapid warming trend in the instrumental
record of 1°C/decade, which has been observed at more than 20 stations each at the NWS
and SNOTEL sites. The SNOTEL sites, which are about 2,500 ft higher than the NWS
sites, show a 20% higher increase in the surface temperature in recent decades. The
largest warming at the SNOTEL sites occurs during spring and summer while it is larger
during winter at the NWS sites.

Analysis of trends in specific humidity (q) from a single station in the vicinity of the
SIM region from 1990-2007 suggests that increases in q explain more than 50% of the
variability in temperature increases during colder months such as January and November.
Using the relationship between observed downward longwave radiation (DLR) and q
from two high elevation stations in the region, I estimate large increases in DLR during
November, December and January between 1990-2005 that coincide with large warming
trends during these months. Future work needs to address the cooling trend in February.

A large warming trend in the SJM region during spring, particularly at the SNOTEL

sites appears be related in part to the changes in snow cover. Snow Water Equivalent
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(SWE) and snowdepth trends at both the SNOTEL and Snow Course sites show the
largest decreases between 1996 and 2005. Moreover, the largest decreases in snowdepth
occur during April and May. The decrease in snowdepth during spring in the recent
decades appears to be related to decreases in precipitation and an increase in surface
warming; the latter would lead to more snow melting during spring. Trends in streamflow
in recent decades are consistent with the process of a large spring melt as well as a
reduction in the precipitation in the region. There are large decreases in flow annually as
well as during summer and fall; whereas there is little change in the flow during spring.
The largest decrease in flow occurs in summer — more than 30% reduction per decade
between 1990 and 2005. Therefore, the recent decreases in precipitation and increases in
early spring melt have had a large impact on the seasonal pattern of streamflow in the
region. Moreover, recent decreases in precipitation cannot be explained by trends in
ENSO and PDO. Weak relationships that existed between precipitation and these climate

indices do not appear to hold since the late 1970s.
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Chapter 6: Conclusions and Future Directions

This dissertation evaluated the importance of low-level atmospheric water vapor in
mediating the rate of climate changes processes, particularly at the high elevation regions
in the world. I analyzed observed and modeled climate change in the late 20™ and 21%
century for China and its major mountain region, the Tibetan Plateau. To compare the
results for the Tibetan Plateau with other high altitude sites, I compiled a long-term
climate and hydrological trend for the San Juan Mountain (SJM) region in Southwest
Colorado using the existing digitized record of the instrumental measurements.

The analysis of the GISS-AOM model simulations for China between 1950-2000
suggests that the simulated trends in climate variables, such as temperature, insolation,
cloud cover and vapor pressure, have the same sign as the observed trends [Che et al.,
2005; Kaiser, 2000; Kaiser and Qian, 2002; Liu et al., 2004; Liu et al., 2005; Liu et al.,
2004a; Qian et al., 2006; Thomas, 2000], although the magnitude of the modeled changes
is smaller. During this time period, there is an observed warming of 1°C despite a 3.27
W/m® per decade decrease in surface insolation. The modeled results suggest that this
warming is, in part, a result of an increase in downward longwave radiation (DLR),
which is a consequence of an increase in anthropogenic greenhouse gases and the
associated atmospheric water vapor feedbacks. Both observed and modeled cloud cover
decrease during this period, thus trends in cloud cover are not expected to significantly
increase DLR.

A similar scenario of warming is reported by Philipona et al. [2005] for Central
Europe (another mid-latitude region) between 1995-2002 — a mean temperature increase

of 0.8°C despite a 1.1 W/m® decrease in insolation between 1995-2002. During the same
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time period they find a 5.3 W/m” increase in DLR. Moreover, when they separate the
different forcings contributing to the increases in DLR, using a stand-alone radiative
transfer model, they find that the influence of water vapor increases on DLR are 2.3 times
greater than the influences of all other greenhouse gases combined. The mid-latitude
atmospheric boundary layer over China, in similarity to Central Europe, may not be
optically saturated to the longwave radiation from the surface. Therefore, an increase in
the lower atmospheric water vapor content can directly increase the infrared heating of
the surface.

An additional cause of surface warming in China between 1950-2000 could be a
reduction in latent heat fluxes from the surface caused by significant decreases in
insolation. Thomas [2000] estimates large decreases in potential evapotranspiration
during the same time period and, further, finds that these decreases are most strongly
associated with sunshine duration south of 35°N. Approximately for the same time
period, Robock and Li [2006] find increases in soil moisture over Ukraine and Russia,
and their analysis suggests decreases in insolation to be a major factor. Reduction in
insolation leads to a decrease in evapotranspiration and thus an increase in soil moisture.
A comprehensive soil moisture data set has not been accessible for China to verify the
overall trends. However, I expect that large decreases in insolation over China in the
latter half of the 20™ century [Che et al., 2005; Kaiser and Qian, 2002; Liu et al., 2004]
will tend to decrease evapotranspiration and exert a negative feedback on soil moisture.
The model, however, shows a much smaller decreasing trend in evaporation (-1.3

mm/decade) over China as compared to the potential evapotranspiration trends (-23
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mm/decade) estimated by Thomas [2000]. Therefore, most of the simulated warming
between 1950-2000 appears to be a result of increases in DLR.

Furthermore, the decreases in the model’s insolation between 1950-2000 are 4-5 times
smaller than the observed decreases in insolation. This suggests that either black and
organic carbon aerosols and dust have a greater role to play in the observed solar
dimming over China than sulfate aerosols alone [Chameides et al., 1999; Qian et al.,
2003], or the model insolation has lower sensitivity to changes in sulfate aerosols, or the
estimates of aerosols used in the model calculation were incorrect. Menon et al. [2002]
were able to simulate the observed summer cooling trend in southeast China only with
the inclusion of black carbon aerosols in their model in addition to the non-absorbing
aerosols. Therefore, inclusion of a more heterogeneous atmospheric aerosol composition
in the model might produce trends in temperature and vapor pressure more consistent
with observations.

For the 21% century, the model predicts a downward trend in surface insolation until
the middle of the 21* century forced by the atmospheric sulfate burden, after which there
is an upward trend as the atmospheric sulfate burden decreases. The model also predicts a
continuous rise in surface temperature (2°C) and surface vapor pressure (1 mb) during the
21% century for the SRES A1B scenario. These changes are much greater than for the
period from 1850-2000. Overall, the model’s prediction of the changes in climate
variables between 1950-2000 is conservative. Therefore, the large changes in annual
mean insolation, temperature and vapor pressure at the surface predicted by the model for

China in the 21* century, may also be conservative estimates.
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For the Tibetan Plateau, analysis of available climate datasets from Xu et al. [2006]
for the 1961-2000 period confirms the general pattern of warming, described in earlier
studies [Du et al., 2004; Liu and Chen, 2000; Shenbin et al., 2006; You et al., 2007] for
the region, that includes a strong warming trend in winter and fall. For the same time
period, the model simulates a similar pattern of warming annually with the largest
warming trend during winter. Overall, the model shows a 4°C warming between 1951-
2100 relative to the pre-industrial climate under the SRES A1B scenario. The model
experiment also generates an elevation dependent warming (EDW) trend over the plateau
between 1951-2100. This trend becomes larger in the latter half of the 21% century. An
EDW over the plateau is simulated for all seasons in the model between 1950-2100,
however the effect is more significant during winter and spring. For the 1961-1990
period, the model’s EDW trend is comparable to the observed trend obtained by Liu and
Chen [2000]. Similar to the temperature trend, there are elevation based increases in
surface vapor pressure, absorbed solar radiation (ASR), downward longwave radiation
(DLR) and latent heat fluxes, and decreases in snow cover between 1951-2100. The
atmospheric sulfate burden, which peaks around 2030 and decreases in the latter half of
the 21% century, shows the largest increases at lower elevations and much smaller
increases at the highest elevations.

The model simulation suggests that an accelerated wintertime warming results from
larger increases in DLR during the winter months relative to other months. These
increases in DLR are in part responding to an increase in specific humidity, particularly
when the specific humidity is low, which occurs most prominently during the winter

months and at high elevations. From observations in the Swiss Alps, Ruckstuhl et al.
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[2007] found that an increase in DLR is proportional to the logarithm of near-surface
humidity because of the distribution of lines of absorption and emission of thermal
radiation by water vapor. This mechanism, therefore, tends to cause the largest net
increases in DLR at higher elevations during the winter months in the model and
consequently appears to cause an EDW in the plateau during winter. This mechanism is
also important during spring and fall, although not as strong.

Another factor in the large warming over the plateau is the snow albedo effect.
However, it is more important during spring and summer in the model simulation. There
are large increases in absorbed solar radiation (ASR) at higher elevation, particularly
during these seasons, which can increase the surface temperature. These increases in ASR
are largely associated with decreases in snow cover. Previous modeling studies have
suggested that snow-albedo feedback is one of the primary factors in causing an EDW in
the high mountain regions [Chen et al., 2003; Giorgi et al., 1997]. Moreover, there is a
decreasing trend in the ASR in the low elevation region in the early half of the 21
century owing to large increases in the atmospheric sulfate burden relative to the high
elevation sites. The net effect of changes in snow cover and atmospheric sulfate burden is
to produce an elevation dependent increase in ASR during the 21% century. Trends in
snowdepth and precipitation over the plateau suggests that snow cover has not been
significantly affected during spring in the latter half of the 20" century. However, as the
greenhouse warming continues into the 21* century, a continuous reduction in snow
cover could contribute to an accelerated surface warming during spring and summer,

particularly at higher elevations.
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Overall, the model experiments suggest that the Tibetan Plateau will warm rapidly
during the 21* century under the SRES A1B scenario. This warming is likely to be more
pronounced at higher elevations in the plateau due to (a) increases in DLR caused by
surface humidity increases during cold seasons, (b) increases in ASR caused by decreases
in the snow cover extent during spring and summer and (c) larger aerosol concentrations
at lower elevations. The elevation-based changes in surface energy balance affected by
changes in surface humidity, snow cover and atmospheric aerosol will tend to produce an
EDW trend over the plateau during the 21* century.

For the San Juan Mountain (SJM) region in southwest Colorado, long term trends in
climate (temperature and precipitation) and hydrological (SWE, snowdepth and
streamflow) variables are constructed from the digitized instrumental records. Trends in
temperature, precipitation and streamflow extend to the first decade of the 20™ century,
however data from many fewer stations are either digitized or available in the early half
of the 20™ century to provide us with greater confidence in the trends of these variables —
particularly temperature and precipitation — prior to 1950. Nonetheless, 1 find that those
few stations for which the data are available from the early period do represent the mean
trend from all stations combined for the latter period.

My analysis shows that the SJM region experienced a gradual warming of greater than
1°C during the early half of the 20™ century (1906-1955), a cooling of 0.5°C (1960-1975)
and very rapid warming of 1°C between 1995-2005. The general trend in the warming is
similar to the trend observed globally as well as for the contiguous US, however the mid
century (post-1950) cooling and the accelerated late century warming occurred later and

in a shorter duration in the SJM region. One of the causes for mid-century cooling in the
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SJM region might be the solar dimming effect caused by an increase in the atmospheric
aerosol loading, which is similar to that phenomenon proposed, in large part, for a
general cooling trend globally, specifically the northern hemisphere. Based on the
estimates from Boucher and Pham [2002], the 20™ century trends in the atmospheric
sulfate aerosol over the SIM is similar to the trends for the contiguous US which show
sharp increases in the atmospheric sulfate concentrations between 1960-1980.
Interestingly, the SJM region has not experienced a secular warming trend since the mid-
1970s as observed globally. Instead, a much more rapid and secular warming trend in the
region started later, since the mid-1990s. The rapid warming between 1995-2005 is also
correlated with large decreases in annual precipitation, SWE, snowdepth and streamflow.
Therefore, it appears that the recent warming is, in part, associated with decreases in
annual snowfall. Furthermore, it appears that this warming has accelerated the spring
snowmelt process, as noted by the largest decreases in SWE and snowdepth and smallest
decreases in streamflow in spring.

On a monthly basis, some of the largest warming trends in the recent decades occur
during January, July and December in addition to the spring months — particularly April
and May. Warming during January, July and December is less likely to be caused by the
snow-albedo feedback mechanism proposed for the large spring warming. There is
almost no snow cover in July. During January and December, even though the annual
precipitation and snowdepth have decreased significantly, there are relatively much
smaller changes in precipitation and snowdepth which leads us to expect that snow cover

may not have changed significantly during these months.
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To explain the large winter warming trend in the SIM region during recent decades, I
investigated the influence of increases in specific humidity (q). Owing to unavailability
of humidity data for the region that extends for at least a decade, most of this analysis is
based on the humidity trends from Gothic, CO which lies in close proximity of the
region. Moreover, | find that the warming at Gothic is representative of the warming in
the SJM region in general, and particularly at the high elevation sites. The normalized
increases in q are only significant (> 10% per decade) from October through January.
Moreover, only during these months do diurnal changes in q explain large variability (>
50%) in the corresponding changes in temperature. The largest changes in the estimated
downward longwave radiaton (DLR) also occur during these months. Large increases in
DLR during January and December coincide with large increases in temperatures and, in
part, indicate the causes for a large warming trend during these months.

For July, a preliminary analysis suggests an association between an increase in
warming and a decrease in precipitation in the SJM region. Although, I haven’t been able
to access the record of cloud cover changes for the region, large decreases in precipitation
during July might also signify decreases in cloud cover during that month. Moreover,
large decreases in cloud cover will lead to greater increases in the maximum temperature
than the minimum temperature, particularly during summer months such as July which I
find to be true. There is a 60% greater increase in the maximum temperature as compared
to the minimum temperature during July between 1990-2005.

In this dissertation, I have demonstrated the importance of a positive low-level water
vapor feedback on warming trends observed in China, the Tibetan Plateau and the SIM

region. Positive water vapor feedbacks induced by atmospheric warming is a much more
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important mechanism in amplifying DLR than the anthropogenic greenhouse gases [Hall
and Manabe, 1999, Rakoczi and Ivanyi, 1999-2000]. The water vapor increases in the
atmosphere, in response to the warming triggered by anthropogenic greenhouse gas
forcing, has occurred such that the relative humidity has remained approximately
constant at all vertical levels [Rind, 1991]. Moreover, such increases in water vapor
amounts have been simulated to produce large perturbations in warming in the lower
atmosphere owing to increases in water vapor absorption in both longwave and
shortwave radiation [Shine and Sinha, 1991]. On a seasonal basis, winter has been one of
the warmest in each of my study regions. In fact, the winter warming in China and the
Tibetan Plateau has been at least two times greater than warming during the other seasons
[Liu et al., 2004a; Liu and Chen, 2000]. The analysis conducted for each of these regions
demonstrates that the influence of increases in specific humidity on surface energy fluxes
is in part responsible for large rates of winter warming. This analysis further suggests that
the mid-latitude boundary layer, particularly at high altitudes, is under-saturated in
longwave absorption in the water vapor absorption lines. Therefore, an increase in water
vapor content during winter when the specific humidity is lowest will cause a large
increase in the DLR at the surface, as suggested by the model. However, owing to limited
observations on humidity and DLR it is difficult to ascertain the accuracy of this
relationship on the study regions and calculate its effect on the surface energy balance.
Hence, the specific role of surface humidity increases on accelerated wintertime warming
needs to more fully addressed in the future research with more comprehensive

measurements of both humidity and surface energy fluxes.
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Overall, the model has shown a lower warming rate as compared to the observed trend
for both China and the Tibetan Plateau in the latter half of the 20™ century. One factor for
this discrepancy could be an underestimation of the radiative warming potential of water
vapor. The observed effect of the water vapor feedback in mid-latitudes is found to be 2-3
times stronger than what the model predicts [Fomin and Udalova, 2003; Philipona et al.,
2005]. Fomin et al. [2004] report that the inadequacies in water vapor continuum
absorption in the radiative transfer simulations is the main source of uncertainty in the
calculations of both longwave and shortwave absorption by water vapor. Moreover, the
role of water vapor on shortwave absorption might be underestimated in the present
models [Hargrove, 2007]. Radiative transfer calculations in global climate models need
to realistically account for the effect of the water vapor absorption in both shortwave and

longwave in order to obtain accurate simulations of global and regional climate change.
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Appendices

Table A1l. NWS stations used for temperature observations. All stations were considered in calculating the
trends. The six highlighted stations are the only stations for which pre-1949 data are digitized to extend the
observation to the year 1906

# Name Elevation (ft) Duration
1 MESA VERDE NATL PARK (055531) 7070 1922-2005
2 CORTEZ (051886) 6180 1929-2005
3 YELLOW JACKET 2 W (059275) 6860 1962-2002
4 RICO (057017) 8850 1959-2001
5 AMES (050228) 8700 1970-72,75,77-85
6 TELLURIDE (058204) 8770 1911-2005
7 NORWOOD (056012) 7020 1949-2005
8 RIDGWAY (057020) 7000 1982-2005
9 OURAY (056203) 7840 1949-2005
10 SILVERTON (057656) 9330 1949-2005
11 LEMON DAM (054934) 8090 1982-2005
12 VALLECITO DAM (058582) 7650 1949-2005
13 FORT LEWIS (053016) 7600 1949-2005
14 DURANGO (052432) 6600 1900-1990
15 IGNACIO 1IN (054250) 6460 1950-1993
16 PAGOSA SPRING (056258) 7100 1949-2005
17 LAKE CITY (054734) 8880 1959-2005
18 HERMIT 7 ESE (053951) 9000 1949-2005
19 WOLF CREEK PASS 1 E (059181) 10640 1958-2001
20 DEL NORTE (052184-5) 7880 1949-2005
21 MANASSA (055322) 7710 1949-2005
22 ALAMOSA WSO AP (050130) 7540 1949-2005
23 MONTE VISTA (055706) 7660 1949-2005
24 CENTER 4 SSW (051458) 7670 1949-2005
25 SAGUACHE (057337) 7690 1949-2005

26 MONTROSE (055722) 5785 1949-2005




Table A2. SNOTEL stations used for temperature observations.

# Name Elevation (ft) Duration
1 BEARTOWN 11600 1984-2005
2 CASCADE 8880 1987-2005
3 CASCADE #2 8920 1991-2005
4 COLUMBINE PASS 9400 1987-2005
5 COLUMBUS BASIN 10785 1995-2005
6 EL DIENTE PEAK 10000 1987-2005
7 IDARADO 9800 1987-2005
8 LILY POND 11000 1984-2005
9 LIZARD HEAD PASS 10200 1986-2005
10 LONE CONE 9600 1987-2005
11 MANCOS 10000 1997-2005
12 MIDDLE CREEK 11250 1984-2005
13 MINERAL CREEK 10040 1987-2005
14 MOLAS LAKE 10500 1987-2005
15 RED MOUNTAIN PASS 11200 1986-2005
16 SCOTCH CREEK 9100 1987-2005
17 SLUMGULLION 11440 1984-2005
18 SPUD MOUNTAIN 10660 1987-2005
19 STUMP LAKES 11200 1987-2005
20 UPPER RIO GRANDE 9420 1987-2005
21 UPPER SAN JUAN 10200 1984-2005
22 VALLECITO 10880 1987-2005
23 WOLF CREEK SUMMIT 11000 1987-2005
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Table A3. NWS stations used for precipitation observations. All stations are considered in calculating the
trends. The six highlighted stations are the only stations for which pre-1949 data are digitized to extend the
observation to the year 1906

# Name Elevation (ft) Time Period
1 MESA VERDE NATL PARK (055531) 7070 1949-2005
2 CORTEZ (051886) 6180 1929-2005
3 YELLOW JACKET 2 W (059275 6860 1962-2002
4 RICO (057017) 8850 1959-2001
5 AMES (050228) 8700 1970-72,75,77-85
6 TELLURIDE (058204) 8770 1911-2005
7 NORWOOD (056012) 7020 1949-2005
8 RIDGWAY (057020) 7000 1982-2005
9 OURAY (056203) 7840 1949-2005
10 SILVERTON (057656) 9330 1906-2005
11 LEMON DAM (054934) 8090 1982-2005
12 VALLECITO DAM (058582) 7650 1949-2005
13 FORT LEWIS (053016) 7600 1949-2005
14 DURANGO (052432) 6600 1900-90
15 IGNACIO 1N (054250) 6460 1950-93
16 PAGOSA SPRING (056258) 7100 1949-2005
17 LAKE CITY (054734) 8880 1959-2005
18 HERMIT 7 ESE (053951) 9000 1949-2005
19 WOLF CREEK PASS 1 E (059181) 10640 1958-2001
20 DEL NORTE (052184-5) 7880 1949-2005
21 MANCOS (055327) 10820 1949-2005
22 DOLORES (052326) 10830 1949-2005
23 PLACERVILLE (056524) 10800 1949-2005

24 TACOMA (058154) 10750 1949-2005
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Table A4. SNOTEL stations used for precipitation and SWE observations. All stations are considered in
calculating the trends (Mancos was not considered for snowfall analysis). The ten highlighted stations are
the only stations for which pre-1980 SWE data are available to extend the data to the year 1941.

# Name Elevation (ft) Time Period
1 BEARTOWN 11600 1983-2005
2 BUTTE 10160 1961-2005
3 CASCADE 8880 1939-2005
4 CASCADE #2 8920 1991-2005
5 COLUMBINE PASS 9400 1987-2005
6 COLUMBUS BASIN 10785 1995-2005
7 CUMBRES TRESTLE 10040 1961-2005
8 EL DIENTE PEAK 10000 1987-2005
9 IDARADO 9800 1987-2005
10 LILY POND 11000 1981-2005
11 LIZARD HEAD PASS 10200 1981-2005
12 LONE CONE 9600 1961-2005
13 MANCOS 10000 1995-2005
14 MIDDLE CREEK 11250 1981-2005
15 MINERAL CREEK 10040 1961-2005
16 MOLAS LAKE 10500 1987-2005
17 PORPHYRY CREEK 10760 1940-2005
18 RED MOUNTAIN PASS 11200 1961-2005
19 SCOTCH CREEK 9100 1987-2005
20 SLUMGULLION 11440 1981-2005
21 SPUD MOUNTAIN 10660 1951-2005
22 STUMP LAKES 11200 1987-2005
23 UPPER RIO GRANDE 9420 1987-2005
24 UPPER SAN JUAN 10200 1940-2005
25 VALLECITO 10880 1987-2005
26 WOLF CREEK SUMMIT 11000 1961-2005
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Table A5. Snow Course stations used for snowdepth and SWE observations. All stations were considered
in calculating the trends.

# Name Elevation (ft) Time Period
1 BIG MEADOWS 9260 1969-2005
2 COCHETOPA PASS 10000 1949-2005
3 CRESTED BUTTE 8920 1936-2005
4 GRAYBACK 11600 1973-2005
5 GROUND HOG 8940 1976-2005
6 IRONTON PARK 9600 1937-2005
7 KEYSTONE 9960 1961-2005
8 LA PLATA 9340 1976-2005
9 LAKE CITY 10160 1969-2005
10 LAKE HUMPHREY 9000 1963-2005
11 LEMON RESERVOIR 8700 1969-2005
12 LOVE LAKE 10000 1965-2005
13 MANCOS T-DOWN 10000 1969-2005
14 MOLAS LAKE 10500 1951-2000
15 PARK CONE 9600 1936-2005
16 PINOS MILL 10000 1962-2005
17 PLATORO 9800 1962-2005
18 POOL TABLE MOUNTAIN 9840 1962-2005
19 PORCUPINE 10280 1951-2005
20 RICO 8700 1937-1990
21 RIVER SPRINGS 9300 1937-1990
22 SANTA MARIA 9600 1939-2005
23 SILVER LAKES 9500 1937-2005
24 TELLURIDE 8800 1939-2005
25 TROUT LAKE 9780 1949-2005
26 TROUT LAKE #2 9780 1939-2005
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Teaching experience

As Teaching Assistant  Concepts in Biology (01:119:100) Spring 2002 - Present
(Rutgers University) Principles in Biology (01:119:103) Fall 2001
Introduction to Env. Sc. (11:375:101)  Spring 2000
General Biology (01:119:101) Fall 2000
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