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ABSTRACT

We use satellite observed and model atmospheric variables, including land surface temperature, snowfall, snow extent,
precipitation, and water vapor contents to study the feasibility of quantifying anthropogenic climate change over high eleva-
tion areas such as the Qinghai-Tibetan Plateau. Five types of satellite data and outputs from Atmospheric General Circulation
Model (AGCMs) are used to study these climate change indicators: (1) AIRS/AMSU/HSB atmospheric sounding system
onboard the Aqua platform, 2003 ~ 2009, (2) Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Terra,
2001 ~ 2009, (3) The Tropical Rainfall Measuring Mission (TRMM) precipitation measurements, 1999 ~ 2009, (4) the ERA-
interim (ECMWF Interim Reanalysis), 1989 ~ 2009, and (5) the Japanese 25-year Reanalysis Project (JRA-25) AGCM data,
1979 ~ 2009. We find that biases exist between temperature observations and model data 0.29 ~ 3.12°C, AIRS and JRA-25,
respectively. The trends for each of the atmospheric variables at best have a qualitative agreement, presumably because the
data spans of satellite observations are too short (7 ~ 10 years). The temperature trends for 4000 ~ 5000 m over the Plateau are
estimated to be 0.01 ~ 0.05°C yr!, qualitatively agreeing with the published rate of 0.3°C decade™ over the last three decades

using in situ data.
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1. INTRODUCTION

During the past several decades, the changes in climate
patterns on a global scale due to anthropogenic effects have
raised the attention of intergovernmental organizations to
assess the impact and tendency of global warming (Han-
sen and Lebedeff 1987; Le Treut et al. 2007). Numerous
endeavors contributed by scientific groups unveiled signifi-
cant changes of climate system interacting between the tro-
posphere and the cryosphere (Lemke et al. 2007), and other
Earth systems. Among all surface types, high mountain
regions are responding more sensitively to climate change
with respect to glacial morphology (Barry 1990), hydro-
dynamics (Beniston 1994), and to thermal (Shrestha et al.
1999) changes. With an averaged elevation over 4000 m
above mean sea level, the Qinghai-Tibetan Plateau (TP)
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and its surroundings (Fig. 1) have the most alpine glaciers
in the world and are justifiably being called the Third Pole
(Qiu 2008), and the World Water Tower (Xu et al. 2008).
Recent studies have concluded that the climate on the Ti-
betan Plateau is changing rapidly, significantly influenced
by changing monsoon systems, melting alpine glaciers and
permafrost degradation leading to impacts on hydrologic
processes and water resources (Yao et al. 2007). According
to the analysis of in situ meteorological data record, the area
over the Tibetan Plateau at an altitude above 4000 m has
been warming at a rate of 0.3°C per decade over the past
three decades, which is twice the rate of the observed global
warming (Liu and Chen 2000; Xu et al. 2008).

The atmospheric variables associated with the climate
change include land surface temperature (LST), precipita-
tion, water vapor, snow cover and snow depth, which are
among the consequences of complex processes resulting
from anthropogenic climate change (Solomon et al. 2007).
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Fig. 1. Smoothed elevation map with approximate resolution of 8 km. Computed from 30 arcsecond GTOPO30 global elevation model. White rect-
angle indicates the region for the study of observed and modeled temperature differences between various data sets (Fig. 2).

The observed (air, land surface, and sea surface) temperature
trend has been estimated to be increasing regionally (e.g.,
over India, Hingane et al. 1985) and globally (Solomon et
al. 2007). An observed shrinkage of snow extent over the
Tibetan Plateau is linked to physical mechanisms associ-
ated with temperature and precipitation variations (Wu and
Qian 2003). It is also stated in the recent Intergovernmental
Panel on Climate Change (IPCC) Fourth Assessment Re-
port (AR4) that the snow fall and extent have been decreas-
ing over the last few decades in the Northern hemisphere
(Lemke et al. 2007).

The microwave radiometer based Earth-orbiting satel-
lites are abundant, including the more contemporary sat-
ellite data sets onboard NASA’s Earth Observing System
(EOS) Terra and Aqua platforms, and provide global mea-
surements of land surface temperature, snow extent and
other atmospheric variables with fine spatial and temporal
resolutions since 2003. Sophisticated Atmospheric General
Circulation Models (AGCMs), in particular, the so-called
reanalysis data products, assimilate some of the satellite
observations and are becoming increasing accurate. De-
spite the relatively short duration of data collection, 2003
~ 2009, as much longer span is needed for studying cli-
mate change, this study analyzes a number of the climatic
or environmental variables based on satellite observations
and AGCM output over the Tibetan Plateau. The objective
of the study is to provide comparisons of satellite-observed
and model-based rate of temperature, precipitation, snow
depth/extent, and water vapor, and their spatial variations
over the Tibetan Plateau, 1979 ~ 2009 (longest model data
span), towards the assessment of climate change impacts
on the Plateau.

2. DATA AND METHODS
2.1 Data

In this study, we choose data from two Atmospheric
General Circulation Models (AGCMs) and from three
ongoing satellite missions to examine a number of atmo-
spheric variables over the Tibetan Plateau, namely ERA-
interim and JRA-25, and MODIS/Terra, TRMM, and AIRS/
AMSU/HUB/Aqua, respectively. The purpose is to compare
the atmospheric observations or model predictions over the
Tibetan Plateau, an unique region between the troposphere
and the stratosphere. The high elevation (~4000 m) of the
Plateau allows more distinct measurements of land surface
temperature (LST), i.e., the 4-km LST, standard height for
measuring temperature change due to global warming.

ERA-interim is currently the major ECMWF project
developed to reanalyze the historical data after decades of
operation following ERA-15 (1979 ~ 1993) and ERA-40
(1957 ~ 2002) (Dee and Uppala 2009). The main interest
of ERA-interim is to describe the seasonal cycle and spatial
change of the atmospheric condition. This project merges
the last two projects and exploits the 4D-variational (4D-
Var) data assimilation to produce a new generation of re-
analysis system since 1989. Major dynamic fields have ap-
plied a T255 spherical-harmonic interpolation and a N128
reduced Gaussian grid to obtain an uniform spacing of ap-
proximate 79 km. However, the GRIdded Binary (GRIB)
data we adopted in this study have been reduced to 1.5° x
1.5° grid.

The Japanese 25-year reanalysis (JRA-25) operated by
Japan Meteorological Agency is the first long-term reanaly-
sis project conducted in Asia (Onogi et al. 2007). Over 100
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atmospheric variables retrieved from orbital satellite micro-
wave radiometer, sounders, and ground-based observational
network are incorporated in a 3D-variational (3D-Var) data
assimilation scheme. The reanalysis and forecast fields cov-
er the time period from 1979 to present. The 3D-Var data
assimilation system used in JRA-25 provides data products
with a horizontal resolution of 1.125° x 1.125° and 40 verti-
cal layers.

Data from three remote-sensing satellite missions are
utilized in this study. The MODIS/Terra is an Earth moni-
toring project focused on the thermal and compositional
change in the atmosphere. Launched in December 1999,
the Terra (EOS AM-1) satellite with a near polar inclination
(98.2°) and sun-synchronous orbit extends the scientific data
to a new multi-decades era that addresses the need to ex-
plain numerous unsolved climate and environmental prob-
lems. Taking advantage of the sun-synchronous orbit, two
equatorial crossing time periods (10:30 PM and 10:30 AM
local time) provide ideal approaches to efficiently sample
atmospheric variables, which have diurnal variation, within
few cycles. Launched in late 1997, TRMM (Tropical Rain-
fall Measuring Mission) equipped with both active and pas-
sive microwave radiometers is a mission jointly operated be-
tween NASA and Japanese Space Agency (JAXA). With a
ground track between 35°N and 35°S, a low orbit (400 km),
and a cycle period of about 91 minutes, TRMM is capable
of not only monitoring the various types of tropical rainfall
such as monsoon, storms, and cyclones, but also intensively
filling the data gaps that are missed by other longer tempo-
ral sampling or sun-synchronized satellites.

The AIRS/AMSU/HUB (hereafter, AIRS) contains
atmospheric products derived from the ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiometer)
instrument flying onboard Aqua (EOS PM-1) mission (Au-
mann et al. 2003; Susskind et al. 2003). The Atmospheric
Infrared Sounder (AIRS), together with the Advanced Mi-
crowave Sounding Unit (AMSU) and the Humidity Sounder
for Brazil (HSB) retrieve atmospheric profiles and generate
geophysical products on a global scale. Similar to Terra’s
orbit, the near polar inclination (98°) and sun-synchronous
orbit of Aqua also samples at two different local time peri-
ods (1:30 PM and 1:30 AM), to measure geophysical data in
daytime and nighttime except polar area.

2.2 Atmospheric Variables

2.2.1 Temperature

One of the key factors resulting from global climate
change is the fluctuation or increase in temperature. In this
study, we choose four different types of land surface tem-
perature data products (from AGCMs and satellite obser-
vations) to study spatial distribution of temperature trends
over the Tibetan Plateau. They are: (1) JRA-25 surface tem-
perature values in the 2-dimensional physics monitor data

(fest_phy2m), (2) the monthly mean 2-meter air temperature
in ERA-interim, (3) 8-day AIRS level 3 standard product
(AIRX3STS) processed by using daily weighted mean land
surface temperature values from AIRS and AMSU radianc-
es, and (4) 8-day MODIS land surface temperature product
(MOD11C2). The observed AIRS and MODIS temperature
values are averages of daytime and nighttime values.

2.2.2 Snow

The snowfall rate, snow depth, and time-varying snow
extent are associated with the atmospheric circulations that
are related to the interaction between temperature, humid-
ity, and pressure system. Presumably, the snow depth and
coverage have an anti-correlation with the temperature.
Thus, the use of snow related products could indirectly vali-
date land temperature data. Here, we used the monthly mean
snow depth data from the ERA-interim model, the snow
depth analysis (anl_snow106_mdl) data from the JRA-25
model, and the 8-day MODIS snow product (MOD10C2)
(Che et al. 2008), to study the snow variations over the Ti-
betan Plateau.

2.2.3 Precipitation

The patterns of precipitation frequency, intensity, and
concentration in the tropics and the subtropics (within +35°
latitudes) are measured since November 1997 by the in-
ternational satellite radiometry mission, TRMM. The pre-
cipitation data sets used in this study are the frequency of
rainfall element in 2-dimensional physics monitor data
(fest_phy2m) from the JRA-25 model, and the TRMM level
3 monthly rainfall estimate (3B43) data, over the Tibetan
Plateau and its vicinity.

2.2.4 Water Vapor Pressure

The evaporation of surface rainfall or the equivalent
water of snowfall has a connection with the intensity of the
water vapor pressure. In other words, the water vapor pres-
sure is a variable to verify the fidelity of precipitation and
temperature products, although the complete quantification
requires more complicated dynamics, such as air humidity
variations, its transports, and their interactions. Three types
of data are used in this study: (1) AIRS level 3 water vapor
pressure in the 8-day standard product (AIRX3STS), (2)
Monthly mean of total column water vapor from the ERA-
interim model, and (3) the precipitable water element in
2-dimensional physics monitor data (fcst_phy2m) from the
JRA-25 model.

2.3 Processing Method

An identical procedure is used to compute the time
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series and the trend of atmospheric variables over the Ti-
betan Plateau using the satellite observations and the model
data products.

For JRA-25, a geographical window between 63 ~
117°E and 18 ~ 45°N is used to extract values with a time
span from 1979 to 2009. The time series over each 1.125° x
1.125° grids (T106) is generated and then a trend or a slope
is estimated for each time series from 1979 to 2009, for each
of the data grids. For ERA-interim, a geographical window
between 66 ~ 108°E and 18 ~ 45°N is used to extract data
in each 1.5° x 1.5° grid with a time span from 1989 to 2009.
The time series of each grid is then generated and trends for
each of the time series are estimated.

For the TRMM data, a geographical window between
65 ~ 110°E and 20 ~ 45°N is used to extract data with a
horizontal resolution of 0.25° x 0.25° and a time span from
1999 to 2009. The time series of each grid is then generated
and trends for each of the time series are estimated.

It should be noted that the time span used to calculate
trends in this study was equal to or shorter than the avail-
able time span since we attempted to obtain complete an-
nual cycles instead of removing seasonal signals. For the
MODIS data, a geographical window bounded in between
65 ~ 110°E and 20 ~ 45°N is used with a horizontal resolu-
tion of 0.5° x 0.5°. The time series of each grid and its linear
trend for each of the atmospheric variables are generated
over a time span from 2001 to 2009. Finally, for the AIRS
data, the geographical window between 65 ~ 110°E and 20
~ 45°N with a horizontal resolution of 1° x 1° is used to
extract data and compute time series and trends for each

of the atmospheric variables. A summary of data (satellite
observations and model outputs) used and their resolutions
is shown in Table 1. In this comparison studys, it is noted that
shortest time series is from AIRS (2003 ~ 2009), while the
longest time series is from JRA-25 (1979 ~ 2009).

Figure 2 shows the comparison of land surface tem-
perature time series from satellite observations (MODIS
and AIRS) and from models (ERA-interim and JRA-25)
averaged value over a region in the Tibetan Plateau (white
rectangle, Fig. 1), over the time span 2003 ~ 2009. Dashed
horizontal lines are the estimated biases of each data set:
-0.29,-1.05,-3.12, and -2.01°C, for AIRS, MODIS, JRA-25
and ERA-interim, respectively, which indicates significant
relative offsets in surface temperature observed and predict-
ed by the models. Figure 2 shows that the annual variations
from observations and models approximately agree in am-
plitudes and in phases, but with observations usually warm-
er than model values during the winter and hotter than the
model temperature values during the summer. The observed
relative biases are large: almost 1°C between MODIS and
AIRS, and up to 3°C between AIRS and JRA-25 model
values.

3. RESULT AND DISCUSSIONS

A series of plots in Figs. 3 ~ 7 illustrate the spatial
distribution of trends for each of the atmospheric variables
from satellite observations and models over the Tibetan Pla-
teau. The corresponding elevation-dependent distribution
trends for each of the variables are also shown. The trend el-

Table 1. Summary of data products used.

Variable Data source Data element Resolution Data span Sampling rate
JRA-25 1.125° x 1.125° 1979 ~ 2009 monthly
ERA-interim 1.5°%x 1.5° 1989 ~ 2009 monthly
Temperature temperature (°C)
AIRS 1°x1° 2003 ~ 2009 8-day
MODIS 0.5° % 0.5° 2001 ~ 2009 8-day
ERA-interim depth (m) 1.5°%x 1.5° 1989 ~ 2009 monthly
Snow MODIS fractional cover (%) 0.5° % 0.5° 2001 ~ 2009 8-day
snowfall rate water o o
JRA-25 . R 1.125° x 1.125 1979 ~ 2009 monthly
equivalent (mm day™)
JRA-25 frequency (%) 1.125° x 1.125° 1979 ~ 2009 monthly
Precipitation
TRMM rainfall rate (mm day™'") 0.25° x 0.25° 1999 ~ 2009 monthly
AIRS 1°x1° 2003 ~ 2009 8-day
Water vapor pressure ERA-interim pressure (kg m?) 1.5 x 1.5° 1989 ~ 2009 monthly
JRA-25 1.125° x 1.125° 1979 ~ 2009 monthly
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Fig. 2. Comparison of temperature time series from observations (MODIS and AIRS) and models (ERA-interim and JRA-25) averaged over a region
in the Tibetan Plateau (white rectangle, Fig. 1), 2003 ~ 2009. Dashed horizontal lines are the estimated biases of each data set.

evation-dependency are computed from the arithmetic mean
of each 100 m in elevation change covering the Tibetan Pla-
teau and its vicinity (70 ~ 108°E and 27 ~ 41°N, Fig. 1).
Grey dots in the “trend versus elevation” panels are trends
for each of the grids. Dashed lines are averaged trends over
different elevations (refer to right y-axis). Dashed vertical
lines in each of the trend versus elevation plots between
4000 ~ 5000 m elevations, are used to study the characteris-
tics of the trends for each atmospheric variable at the top of
the Tibetan Plateau.

Despite the apparent coherence at seasonal signals for
the observed and model temperature data (Fig. 2), except for
relative biases as large as 3°C, Fig. 3 shows that the temper-
ature trends (2003 ~ 2009) over the Tibetan Plateau and its
vicinity are completely different for JRA-25, ERA-interim,
AIRS, and MODIS. In particular, model temperature trends
are largely near zero, while the satellite temperature trends
are approximately between 0.05 ~ 0.25°C yr'. The MODIS
trend seems to be increasing in between the 4000 ~ 5000 m
altitude, while AIRS and the model temperature trends
(JRA-25 and ERA-interim) are decreasing in between the
4000 ~ 5000 m altitude. Figure 3 shows that the temperature
trend analysis probably requires a much longer time span
than 7 years (2003 ~ 2009) for AIRS, or for MODIS (2001
~ 2009), and thus the trends are probably unreliable. The
model time series is over 20 years (ERA-interim, 1989 ~
2009) and 30 years (JRA-25, 1979 ~ 2009). The estimated
average land surface temperature trends between the 4000 ~

5000 m elevation over the Tibetan Plateau are approximate-
ly: 0.01, 0.04, 0.03°C yr', for JRA-25, ERA-interim, and
MODIS, respectively. It is perhaps in qualitative agreement
with the in situ temperature trend estimate of 0.3°C decade™’!
over the last three decades, or, 0.01°C yr!, above 4000 m
altitude over the Tibetan Plateau (Liu and Chen 2000; Xu
et al. 2009).

Figures 4a and 4b display the trends for both the depth
and the fractional cover of snow from models (ERA-interim
and JRA-25) and MODIS, respectively. Here the model and
the satellite observation (MODIS) show qualitative agree-
ment: decreased rate of snow depth and fractional cover
of snow in the western and southern Tibetan Plateau. The
southern to the southwestern edge of Tibetan Plateau has a
snow reduction of -0.8% per year as shown by the MODIS
trend. In elevation-dependent versus trend plots, it is noted
that the snow depth and the fractional snow cover trends
increase in between 4000 ~ 5000 m.

Figures 5a and 5b show the trends of frequency of rain-
fall distribution (% yr') and trends of snowfall rate (mm
day! yr!) from JRA-25 model, 1979 ~ 2009, respectively,
and their trend elevation-dependency plots. Figure 5 shows
that the rate of frequency of rainfall and snowfall rate over
the central or the entire Tibetan Plateau has been increas-
ing during the last three decades. The frequency of rainfall
and snowfall rate tends to be more intensive as the elevation
increases. However, Fig. 6 shows the amount of rainfall has
no significant change over the entire Plateau as observed by
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Fig. 3. Temperature trend (°C yr') over the Tibetan Plateau and the vicinity from atmospheric general circulation models [JRA-25 and ERA-interim,
top panel of (a)], and from observations [AIRS and MODIS, top panel of (b)], and their corresponding trends as a function of elevation [bottom panel
of (a) and (b), respectively]. Grey dots in the “trend versus elevation” panels are trends for each of the grids. Dashed lines are averaged trends over
different elevations (refer to right y-axis). Dashed vertical lines bound the 4000 ~ 5000 m elevations.
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(a) Trend of snow depth from ERA-interim (m per year)
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corresponding trends as a function of elevation (right). Grey dots in the right panels are trends in each of the grids. Dashed lines are averaged trends
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(a) Trend of rainfall frequency from JRA (% per year)
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Fig. 5. (a) Trend of rainfall frequency distribution (% yr') over the Tibetan Plateau and the vicinity from the JRA-25 model (left) and the corre-
sponding trend as a function of elevation (right). Grey dots in the right panels are trends in each of the grids. Dashed lines are averaged trends over
different elevations (refer to right y-axis). Dashed vertical lines bound the 4000 ~ 5000 m elevations. (b) Trend of snowfall rate (mm date™' yr') over
the Tibetan Plateau and the vicinity from the JRA-25 model (left) and the corresponding trend as a function of elevation (right). Grey dots in the
right panels are trends in each of the grids. Dashed lines are averaged trends over different elevations (refer to right y-axis). Dashed vertical lines
bound the 4000 ~ 5000 m elevations.
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TRMM during the last decade, 1999 ~ 2009, except at the
southwestern Plateau, or the western Himalaya, presumably
due to the intensifying summer monsoon. The southeastern

Plateau and its vicinity have a decrease in rainfall rate.

Figure 7 shows the water vapor pressure observed by
AIRS (2003 ~ 2009), and by the models (ERA-interim,

Trend of water vapor pressure from AIRS (kg/m2 per year)
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1989 ~ 2009, and JRA-25, 1979 ~ 2009), respectively, with
the associated trend elevation-dependent plots. An intensive
increase of water vapor (from AIRS, ERA-interim, and to
a lesser extent, JRA-25) around southern and southwestern
edge of the Tibetan Plateau (Fig. 7) agrees with the increas-
ing rate of rainfall in the same region (Figs. 5 and 6).
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Fig. 7. Trend of water vapor pressure (kg m? yr') over the Tibetan Plateau and the vicinity from AIRS satellite observation, and the ERA-interim
and JRA-25 models (left) and the corresponding trends as a function of elevation (right). Grey dots in the right panels are trends in each of the grids.

Dashed lines are averaged trends over different elevations (refer to right y-axis). Dashed vertical lines bound the 4000 ~ 5000 m elevations.
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4. CONCLUSION

The data provided by satellite missions in this study
may be too short in time span to reflect longer-term secular
trend. The trend computations for atmospheric parameters
observed by MODIS, TRMM, and AIRS only available
for 7 to 10 years long. Overall, the satellite observations
and model outputs compared in the form of secular trends
over varying data spans (from 7 to 30 years), at best, show
general qualitative agreements. However, these data sets
(model and satellite observations), which have spatial sam-
pling over the entire Tibetan Plateau and temporally from
8 days to monthly, have the potential towards quantifying
the atmospheric and environmental variables to study cli-
mate change over the Tibetan Plateau and its vicinity.
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