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[1] Paleoaltimetry based on stable isotopes (d18O and d2H) of paleowater from the central
and northern Tibetan Plateau is challenged by the lack of a clear relationship between
isotopic composition and elevation north of the Himalaya. In order to determine the
environmental factor(s) responsible for temporal changes in isotopic composition revealed
in the geologic record, an understanding of the modern controls on isotope evolution
in the continental interior is necessary. Here, we present new d18O and deuterium
excess (d excess) data from modern surface water along a roughly south-north
transect on the eastern part of the Himalaya and Tibetan Plateau. Results corroborate an
inverse relationship between d18O and elevation in the Himalaya. Northward across the
plateau, there is a positive trend in meteoric water d18O that is linear (�1.5‰ per
degree latitude) and robust (R2 = 0.94). A positive trend northward is also observed in
d excess of surface water from large rivers. We show that Rayleigh distillation
modified by surface water recycling can account for the observed spatial distribution of both
d18O and d excess across the plateau. HYSPLIT modeling of air parcel back trajectories
suggests that air mass mixing varies from east to west across the plateau. However,
isotopic trends along the plateau’s eastern margin are consistent with roughly parallel
transects to the west, suggesting that a local process like moisture recycling exerts
control over the isotopic evolution across the entire plateau, regardless of origin of air
masses. Assuming the northern Tibetan Plateau was equally far from an oceanic
source during late Eocene-Miocene time, paleoelevations of the Hoh Xil Basin are
recalculated to account for recycling, increasing elevation estimates by 1100–2700 m.
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1. Introduction

[2] Comparisons between stable isotopes of modern and
paleo-waters (d18O and d2H) have been used extensively
to constrain temporal changes in surface elevation and
climate [Garzione et al., 2000b; Poage and Chamberlain,
2001; Rowley et al., 2001; Garzione et al., 2006; Quade
et al., 2007; Saylor et al., 2009; Mulch et al., 2010].
This technique requires knowledge of how isotopes of pre-
cipitation change with elevation, which is well-defined
on the windward side of many mountain ranges [Poage and
Chamberlain, 2001] including the Himalaya [Garzione et al.,
2000a; Karim and Veizer, 2002;Hren et al., 2009]. Using the
modern isotopic lapse rate, d18O values from carbonates in
the Himalaya suggest it attained its current elevation by the

late Miocene [Garzione et al., 2000b, 2000a; Rowley et al.,
2001; Saylor et al., 2009]. The timing of surface uplift
across the Tibetan Plateau, north of the Himalaya, has proved
more difficult to constrain as there is not a clear relationship
between elevation and isotopes of precipitation across the
Plateau [Quade et al., 2007, 2011]. Factors other than ele-
vation may significantly affect isotopes of precipitation north
of the Himalayan crest including evaporation under arid
conditions, recycling of surface water, and changes in the
relative influence of moisture sources [Numaguti, 1999; Tian
et al., 2001; Yamada and Uyeda, 2006; Kurita and Yamada,
2008; Hren et al., 2009]. When and how surface uplift
occurred across Tibet is still relatively ambiguous due to the
difficulty in interpreting isotopes of both modern and paleo-
water, in addition to a paucity of data from the central to
northern plateau [Molnar et al., 2010].
[3] Isotopes of modern meteoric water have been used to

constrain the spatial extent and magnitude of Asian monsoon
influence (both Indian and East Asian) on precipitation
across the Tibetan Plateau [Araguás-Araguás et al., 1998;
Tian et al., 2001; Vuille et al., 2005; Joswiak et al., 2010],
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although it is still not clear how temporal changes in mete-
oric water d18O are related to the monsoon [Dayem et al.,
2010]. Though variation in monsoon strength has been
related to the height and/or extent of both the Himalaya and
the Tibetan Plateau [Kutzbach et al., 1993; An et al., 2001],
the role topography plays in the timing and intensity of the
Asian monsoon is debated [Boos and Kuang, 2010]. A better
understanding of the monsoon’s contribution to precipitation
across the Tibetan Plateau (and vice versa) is not only
important for research on climate and elevation histories of
Asia, but for accurate predictions of climate change’s effect
on the Asian monsoon [Thompson et al., 2000]. This is
especially relevant for the billions of people that depend on
monsoon rains to sustain agriculture and their economy [Tao
et al., 2004; Gadgil and Rupa Kumar, 2006].
[4] Here, we present new stable isotope data (d18O and

d2H) from modern surface waters collected on a south-north
transect along the eastern margin of the Tibetan Plateau
(Figure 1). Results show an inverse relationship between
d18O and deuterium excess (d excess) up the windward side
of the Himalaya and increase in both d18O and d excess
northward across the plateau. Results are consistent with

published isotopic and climate data from surrounding areas
[Garzione et al., 2000a; Tian et al., 2001; Karim and
Veizer, 2002; Hren et al., 2009; IAEA/WMO, Global
Network of Isotopes in Precipitation, 2010, http://www-
naweb.iaea.org/napc/ih/IHS_resources_gnip.html]. We use a
Rayleigh model of vapor distillation modified by evaporation
at low relative humidity to evaluate whether recycling can
explain observed trends in d18O and d excess. Isotopic results
are also considered in the context of Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) modeling of
regional air mass movement [Draxler and Hess, 1998; R.
Draxler and G. Rolph, HYSPLIT (HYbrid Single-Particle
Lagrangian Integrated Trajectory) Model, 2010, access via
NOAA ARL READY Web site: http://ready.arl.noaa.gov/
HYSPLIT.php] to evaluate the relative contribution of
unique moisture sources to precipitation. Consistent trends in
d18O and d excess across the plateau, regardless of changes in
source from east to west, suggest that continental recycling
overprints original isotopic signals on the northern plateau.
This means that temporal changes in the balance of moisture
source contribution to plateau precipitation may not have as

Figure 1. Sample location map of surface water collected across the eastern Tibetan Plateau (white open
circles). Locations also shown for other published data sets discussed in the text including river waters
across the central Tibetan Plateau (white open triangles) [Tian et al., 2001], central Himalayan tributaries
along transect A-A′ [Garzione et al., 2000a], and low elevation tributaries of the Brahmaputra (open star)
[Hren et al., 2009]. Yu et al. [2007] include precipitation data across the western plateau from New Delhi,
Shiquanhe, Gaize, and Hotan. GNIP (Global Network of Isotopes in Precipitation) place names shown as
pink circles. Paleoaltimetry studies mentioned in the text are shown as green circles. One is the location
of Saylor et al.’s [2009] study, 2 is for Garzione et al. [2000a; 2000b], 3 is for Rowley et al. [2001],
4 is for Spicer et al. [2003], and 5 is for Cyr et al. [2005] and Polissar et al. [2009]. Shaded relief
topography derived from satellite data (SRTM from http://srtm.csi.cgiar.org).

BERSHAW ET AL.: STABLE ISOTOPES ON THE TIBETAN PLATEAU D02110D02110

2 of 18



profound an effect on the isotopic composition of paleo-
waters as recycling within this deeply continental setting.

2. Climate

[5] As the highest and most extensive topographic feature
on Earth, the Tibetan Plateau significantly affects atmo-
spheric circulation on a regional, and even global scale
[Yanai and Wu, 2006; Wen et al., 2010]. Weather station
data indicates that the majority of precipitation falls during
the summer months (auxiliary material Figure S1) (IAEA/
WMO Web site, 2010) and is the result of both synoptic
(plateau) scale and local disturbances [Ueno et al., 2001;
Yamada and Uyeda, 2006].1 Though less in amount, there is
also significant precipitation at high elevations in the
Himalaya during winter months [Tian et al., 2005]. On the
Tibetan Plateau, evaporation of surface waters and falling
raindrops in the air column is significant [Yamada and
Uyeda, 2006; Kurita and Yamada, 2008]. During summer

months (JJA), average relative humidity on the plateau sur-
face decreases from �85% in the south to�60% in the north
(Figure 2). The plateau also becomes more isolated from
ocean basins northward which results in an increase in the
relative contribution of recycled moisture from continental
sources to the north.
[6] Precipitation on the plateau may be derived from

multiple sources including the Indian Ocean (Indian Mon-
soon), the Pacific (Southeast Asian Monsoon), the Arctic
(northerlies), the Atlantic (westerlies), continental lakes,
and/or soil water. The Indian monsoon provides the majority
of summer precipitation to the southern Himalaya and
transports vapor onto the plateau through deeply incised
river valleys like the Brahmaputra and Kali Gandaki
[Garzione et al., 2000a; Hren et al., 2009]. A transition from
Indian monsoon to continental (westerly and/or northerly)
moisture sources northward across the plateau has been
inferred from the isotopic composition of rainfall and surface
waters [Araguás-Araguás et al., 1998; Tian et al., 2001;
Joswiak et al., 2010]. In addition to a latitudinal change in
moisture source affinity, an altitudinal distinction has been
suggested between continental (westerly or northerly)

Figure 2. Composite of NCEP/NCAR reanalysis data showing average relative humidity at the land/sea
surface for summer months (JJA) from 1948 to 2010. Transect B-B′ is approximate location of surface
water samples collected for this study. Dashed white curve is a smoothed 4000 m elevation contour
showing rough outline of the Tibetan Plateau. Image provided by the NOAA/ESRL Physical Sciences
Division, Boulder Colorado from their Web site at http://www.esrl.noaa.gov/psd [Kalnay et al., 1996].

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JD016132.
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derived air masses dominating high elevation precipitation
(snow) in the Himalaya and Indian monsoonal (southerly)
air masses dominating relatively low elevation precipitation
in the Himalayan foreland and up longitudinal valleys in
southern Tibet [Tian et al., 2005; Barros et al., 2006]. This
study presents isotopic results from the plateau’s eastern
margin which is both closer to the Pacific Ocean and deeply
incised by major transverse rivers draining southeastward off
the plateau (Figure 1).

2.1. Oxygen and Hydrogen Isotopes of Surface Water

[7] River and stream water may consist of precipitation
and/or groundwater, depending on the amount of recent
rainfall and size of the catchment. Smaller catchments will
be more affected by recent precipitation events than large
rivers [Salati et al., 1979]. Though there is uncertainty in the
spatial and temporal distribution of precipitation represented
in river water, its tendency to integrate precipitation makes it
a better representation of monthly or annual weighted
averages than individual precipitation events [Kendall and
Coplen, 2001]. In the absence of long-term precipitation
records, we compare modern river water to geologic proxies
for paleowaters which tend to integrate the isotopic compo-
sition of surface water over both space and time [Gile et al.,
1966; Breecker et al., 2009].
[8] A definable relationship between elevation and the

isotopic composition of meteoric water (d18O and d2H)
exists on the windward side of the Himalaya, conforming to
a simple Rayleigh distillation model of air mass depletion
[Quade et al., 2007; Rowley and Garzione, 2007]. This
relationship is attenuated by subcloud and surface water
evaporation on the Tibetan Plateau which lies in the Hima-
layan rainshadow [Tsujimura et al., 2001; Gat and Airey,
2006; Yamada and Uyeda, 2006; Yang et al., 2007a]. Vari-
ability in the relative contribution of unique moisture sour-
ces to precipitation across the Tibetan Plateau may also
affect d18O and d2H values [Araguás-Araguás et al., 1998;
Tian et al., 2001; Yang et al., 2006; Yu et al., 2007; Joswiak
et al., 2010]. Thus, temporal shifts in the isotopic compo-
sition of paleowaters preserved in the geologic record may
be related to changes in a region’s topography, climate,
and/or source(s) of moisture [Chamberlain and Poage, 2000;
Garzione et al., 2000a; Graham et al., 2005; Kent-Corson
et al., 2009].
[9] A deuterium excess (d excess) in water results from

fractionation of isotopes during phase changes due to vapor
pressure differences among H2Omolecule isotopologues and
differences in diffusion rates among isotopologues where
relative humidity <100% [Stewart, 1975; Froehlich et al.,
2002]. Deuterium excess (d excess) was defined by
Dansgaard [1964] as a function of deuterium (2H) and heavy
oxygen (18O) in water:

d excess ¼ d2Hw � 8 * d18Ow: ð1Þ

[10] The global average d excess in precipitation was
found to be about 10‰. Vapor derived from the eastern
Mediterranean Sea is known to have significantly higher
d excess values (�20‰) compared to vapor derived from
the Indian or Pacific Oceans (�10‰) [Gat and Carmi,
1970]. For the Himalaya and Tibetan Plateau, relatively
high d excess values in meteoric water have been used to

infer Mediterranean or westerly derived vapor [Karim and
Veizer, 2002; Tian et al., 2005, 2007; Hren et al., 2009].
However, d excess values have also been shown to vary
significantly based on local environmental conditions, such
as the temperature of condensation, amount of subcloud
evaporation during rainout, and degree of local moisture
recycling [Jouzel and Merlivat, 1984; Gat and Airey, 2006;
Liotta et al., 2006; Froehlich et al., 2008; Kurita and
Yamada, 2008; Cui et al., 2009].

2.2. Paleoclimate, Paleoelevation, and Paleogeography

[11] High topography in the Himalaya was likely gener-
ated soon after the initiation of Indo-Eurasian convergence
�45–55 Ma [Rowley, 1996; Searle et al., 1997; Zhu et al.,
2005]. Stable isotopes (d18O and d13C) of sedimentary car-
bonates, speleothems, fossil teeth, and fresh-water bivalves
have all been used to constrain the isotopic evolution of
paleowaters throughout Asia. In the Himalaya and southern-
most Tibet, south of the Indus-Tsangpo suture, sedimentary
carbonates suggest current elevations were attained by the
late Miocene [Garzione et al., 2000b, 2000a; Rowley et al.,
2001; Saylor et al., 2009] (Figure 1). Paleotemperatures
from fossil leaves also indicate southern Tibet, north of the
Indus-Tsangpo suture, has been high since at least �15 Ma
[Spicer et al., 2003].
[12] Ranges on the northern and northeastern Tibetan Pla-

teau were likely elevated by the Eocene or latest Oligocene
considering that crustal shortening and basin development
were well underway along the Altyn Tagh fault [Yin et al.,
2002; Ritts et al., 2004] and in the Hoh Xil, Qaidam, and
Minhe-Xining Basins [Horton et al., 2004; Zhou et al., 2006;
Zhu et al., 2006; Yin et al., 2008]. The presence of high
topography on the northeast margin of the Tibetan Plateau by
the late Eocene is also inferred from pollen in lacustrine
sediments [Dupont-Nivet et al., 2008]. Stable isotopes from
the Tarim and Qaidam basins along the plateau’s northern
margin also suggest significant topography existed in basin-
bounding ranges by the end of the Paleogene [Kent-Corson
et al., 2009]. In the central and northern Tibetan Plateau,
isotope records are interpreted with less certainty as factors
other than elevation significantly affect modern meteoric
water d18O and d2H values [Tian et al., 2001; Quade et al.,
2007; Yu et al., 2008; Molnar et al., 2010]. Because it can
be difficult to distinguish between temporal changes in cli-
mate and/or elevation as the forcing behind shifts in isotope
records, it is helpful to consider isotopes in the context of
other proxies.
[13] Arid conditions in the Asian continental interior could

have been caused by surface uplift of surrounding ranges,
global cooling, the retreat of an epicontinental sea (Para-
tethys), and/or meridional plate drift into relatively dry,
subtropical latitudes. Eolian deposits throughout China have
been interpreted to result from cooling and drying of the
Asian interior [An et al., 2001; Guo et al., 2002; Sun et al.,
2010]. On the western loess plateau, Garzione et al. [2005]
documented earliest loess deposition to �29 Ma, not long
after playa deposits become prominent in northeastern Tibet
�34 Ma [Dupont-Nivet et al., 2007]. This may post-date
retreat of an epicontinental sea (Paratethys) from the western
Tarim Basin in the late Eocene [Bosboom et al., 2010],
though marine sedimentary rocks have been documented in
the Qaidam Basin as late as the middle Miocene [Ritts et al.,
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2008]. Climate modeling suggests that a marine regression
would lead to a stronger Asian monsoon and cooling of the
continental interior [Ramstein et al., 1997; Zhang et al.,
2007]. Pollen from the Qaidam Basin also suggest that a
relatively dry period persisted from Eocene to Oligocene
time, which Wang et al. [1999] attribute to meridional plate
movement.

3. Methods

3.1. Modern Stream Water

[14] Water samples were collected in August of 2008
across the Tibetan Plateau from north to south (Figure 1 and

Table 1). There were no significant precipitation events
during our week of sampling, so surface waters are assumed
to reflect summertime-integrated rainfall and groundwater
composition. Surface water was collected from a wide vari-
ety of catchments including both small tributaries and large
rivers. All samples were stored in plastic vials sealed with
Teflon tape and refrigerated until analysis. Snow samples
were allowed to melt in sealed vials. Oxygen isotopic anal-
yses were conducted at the University of Rochester SIREAL
laboratory. For oxygen analyses, �0.5 mL of each water
sample was loaded into a 12 mL Exetainer™ and flushed
with a mixture of 0.3% CO2 and UHP helium. Tubes were
allowed to equilibrate for at least 18 h at ambient room

Table 1. Catchment Size, Locality Information, and Stable Isotope Results for Surface Water and Snow Across the Tibetan Plateau

Sample
Identification

d18O
(VSMOW)

d2H
(VSMOW) d excess

Elevation
(m) Latitude Longitude

Catchment
Size (km2)

Latitude
(Centroid)a

Longitude
(Centroid)a

Streams and Rivers
JBTB-01 �7.8 �46 16.2 2216 36.6193 101.8078 36193.6 37.1993 100.0424
JBTB-02 �7.6 �47.9 12.6 2245 36.6277 101.7744 399.3 36.4535 101.6138
JBTB-03 �8.3 �53.4 12.6 2669 36.6501 101.2667 606.3 36.4929 101.1844
JBTB-04 �8.4 �58.3 8.7 3070 36.3514 100.7023 38.2 36.4055 100.6843
JBTB-06 �9.1 �59.7 13.2 3749 35.8876 99.6758 206.2 35.9558 99.5644
JBTB-07 �10.2 �69.1 12.7 3724 35.7898 99.5697 1489.4 35.9196 99.3017
JBTB-08 �10.9 �70.5 16.6 3932 35.4078 99.4303 56.6 35.4687 99.4275
JBTB-09 �12.1 �84.9 11.7 4134 35.3349 99.0719 50.3 35.3814 99.0655
JBTB-10 �12 �81.9 13.9 4212 35.1271 98.8749 747.1 34.9367 98.9285
JBTB-12 �11 �82.2 5.7 4235 35.0131 98.0687 501 35.0692 98.2243
JBTB-16 �10.4 �76.9 6 4216 34.6709 98.0459 1255.3 34.4895 97.7968
JBTB-20 �11.5 �82.2 9.9 4515 33.9708 97.3515 641.8 34.0233 97.5383
JBTB-23 �13 �93.2 10.6 4366 33.2214 97.4858 28.9 33.1995 97.4969
JBTB-25 �13.7 �98.7 11 3994 33.1013 98.2447 14434.3 33.4954 97.7523
JBTB-26 �13.8 �99 11.5 4101 33.1401 97.9256 1265.7 33.0901 97.7101
JBTB-28 �14 �99.1 12.5 3625 33.0303 97.2709 438.4 33.1228 97.384
JBTB-29 �11.9 �83 12.2 3529 32.9891 97.2527 238597.4 34.4763 91.6872
JBTB-31 �14.9 �105.6 13.6 3629 33.0104 97.1061 2389.2 32.8572 96.9933
JBTB-34 �13.7 �97.7 12 4368 32.896 96.6689 9.9 32.8825 96.6859
JBTB-35 �15.4 �110 12.9 3952 32.6689 96.6121 703.1 32.7865 96.698
JBTB-36 �14.6 �104.9 12.2 3783 32.5685 96.1135 1282.7 32.7783 96.0143
JBTB-38 �14.2 �106.6 7 3706 32.4106 96.4158 338 32.5389 96.3679
JBTB-39 �14.4 �103.2 12 3678 32.3663 96.4192 16664.6 33.0302 95.1273
JBTB-42 �16.9 �117.1 17.9 4115 31.9948 96.4148 4.5 31.9995 96.4217
JBTB-43 �15.7 �114.8 10.7 3628 31.7535 96.3343 12017.9 32.2842 95.2729
JBTB-46 �15.3 �112.9 9.9 3175 31.0201 97.2953 54390.1 32.4061 95.9964
JBTB-47 �16.8 �129.3 5 3175 31.0201 97.2953 343.9 31.1216 97.3573
JBTB-50 �18.3 �137.5 8.6 4323 30.5032 97.1473 269.5 30.462 97.0109
JBTB-51 �17.3 �130.2 8.5 4241 30.4406 97.1822 2710.3 30.6828 96.8751
JBTB-53 �17.5 �131.3 8.6 4252 30.1335 97.2749 2.1 30.1366 97.2695
JBTB-54 �17.7 �129.1 12.3 2885 30.0685 97.1593 3085.6 29.8822 96.8869
JBTB-55 �16.9 �124 11.3 3773 29.9597 96.6613 1110.2 29.7912 96.7149
JBTB-56 �16.8 �121.3 13 4111 29.7766 96.7081 297.8 29.7952 96.5816
JBTB-58 �15.9 �116.4 11.1 4248 29.5761 96.7548 231.3 29.6264 96.7003
JBTB-59 �15.5 �110.3 13.3 3224 29.6305 96.2731 1053.9 29.593 96.4194
JBTB-60 �16 �113.8 14.5 3224 29.6305 96.2731 314.4 29.7972 96.3048
JBTB-62 �14.1 �97.5 15.1 2687 29.9154 95.6284 4209.4 30.2874 95.5141
JBTB-63 �14.5 �104.9 10.9 2631 29.9352 94.801 739 29.7491 94.7076

Snow
JBTB-05 �12.19 �67 30.7 3806 35.8316 99.9184
JBTB-11 �11.9 �56 38.9 4234 35.0131 98.0687
JBTB-17 �8.74 �30 40 4216 34.6709 98.0459
JBTB-19 �10.72 �52 33.5 4744 34.1132 97.647
JBTB-21 �16.71 �108 25.9 4514 33.9708 97.3515
JBTB-24 �17.41 �106 32.8 4577 33.14 97.4978
JBTB-33 �13.53 �74 34.4 4498 32.8878 96.6926
JBTB-41 �12.34 �65 33.7 4500 31.941 96.4786
JBTB-45 �19.93 �135 24.9 4601 31.0783 96.9479
JBTB-49 �19.42 �144 11.6 4350 30.5522 97.1056

aThe centroid is defined as the geographic center of a catchment upstream from a stream or river sample site. The centroid is the coordinate used in
Figure 3 for data from this study.
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temperature prior to analysis. Headspace CO2 gas was then
drawn into a Thermo Delta plus XP mass spectrometer in
continuous-flow mode via a Thermo Gas Bench peripheral
and a GC-PAL autosampler for analysis. The d18O results
are normalized using internal laboratory standards calibrated
to Vienna Standard Mean Ocean Water (VSMOW) and
Standard Light Antarctic Precipitation (SLAP) with 2s
uncertainties of 0.20‰. Hydrogen D/H ratios were analyzed
at the University of Arizona using a dual-inlet mass spec-
trometer (Delta-S, Thermo Finnegan, Bremen, Germany)
equipped with an automated chromium reduction device
(H-Device, Thermo Finnegan) for the generation of hydro-
gen gas using metallic chromium at 750°C. Standardization
was based on internal standards referenced to VSMOW and
VSLAP. Precision is better than �1‰ for d2H.

3.2. HYSPLIT Modeling

[15] We have used the HYbrid Single-Particle Lagrangian
Integrated Trajectory Model (HYSPLIT) together with
reanalysis model output from the Global Data Assimilation
System (GDAS) data set [Draxler and Hess, 1998; National
Oceanic and Atmospheric Administration, 2010; Draxler
and Rolph, Web site, 2010] run at T170 horizontal resolu-
tion (�75 km) to compile an inventory of the origin of
precipitation-producing air masses for six locations along a
roughly south-north transect coinciding with sample loca-
tions, and for three sites along a parallel transect across the
central plateau. The HYSPLIT algorithm and the GDAS data
set are well documented in the above references.
[16] For each of the six locations, 10-day (240-h) back

trajectories were computed every 12 h for the years 2004–
2009. In this paper we show precipitation-producing
72-h back trajectories that were initialized 1km above
ground level during the months of June, July, and August.
This filtering is done to (1) focus on vapor-rich air parcels,
as most water vapor in the atmosphere is within 0–2 km
above ground level [Wallace and Hobbs, 2006; section 2.2],
(2) limit results to air masses that have not undergone sub-
stantial recycling, as the average lifetime of water vapor in
the atmosphere is several days to a week [Wallace and
Hobbs, 2006, section 9.3], and (3) focus on months that
receive the most precipitation (auxiliary material Figure S1).
Results are consistent with other reasonable choices for
initialization altitude (100 m, 500 m, 1 km, and 2 km) and
duration of back trajectory (24 to 240 h). Trajectories are
considered precipitation-producing if there is precipitation
from the air parcel within twelve hours of reaching the
location of interest.
[17] Others have used HYSPLIT together with water

isotope measurements to diagnose the origin and isotopic
signature of precipitation-producing air masses with con-
siderable success [e.g., Buda and DeWalle, 2009; Sjostrom
and Welker, 2009; Breitenbach et al., 2010]. More
broadly, HYSPLIT is used to determine the origin and
chemistry of precipitation-producing air masses worldwide
[e.g., Jorba et al., 2004; Butler et al., 2001; Zunckel et al.,
2003]. Nevertheless, there are two primary limitations to this
analysis. First, it is based on winds derived from the GDAS
reanalysis and is therefore subject to any errors in the GDAS
data set. Reanalysis models utilize both observations and a
global-scale numerical weather model to give the commu-
nity’s best estimate of the global atmosphere. However, they

are subject to errors especially in regions of rugged terrain
and where observations are limited [Kalnay et al., 1996].
Second, HYSPLIT is an air-parcel, not a water vapor, back
trajectory algorithm. The addition and removal of water
vapor from the air mass is not included in this analysis so we
cannot infer the relative importance of local moisture sources
to precipitation. Limitations are ameliorated because we
calculate thousands of trajectories, focusing on bulk and
large-scale characteristics rather than any single trajectory.

4. Results

4.1. Stable Isotopes of Surface Water

[18] The southernmost samples in this transect were col-
lected in the high Himalaya along the upper reaches of the
Brahmaputra drainage (Figure 1). The d18O values are sig-
nificantly more negative (average = �15.7‰) compared to
lower elevation sites in the Himalayan foreland (average =
�6.7‰ from Hren et al. [2009]) (Figure 3). Our results from
the northeastern margin of the plateau (samples from latitude
>35°N) also show an inverse relationship between d18O and
elevation of �2.3‰/km with R2 = 0.83 (Table 1), which is a
slightly lower lapse rate compared to the central Himalaya
(�2.9‰/km from Garzione et al. [2000a]).
[19] Samples from high elevations in the Himalaya show

relatively high d excess values (average = 12.3‰) compared
to low elevation (<1000 m) stream water in the Himalayan
foreland (average = 7.3‰ from Garzione et al. [2000a]) and
precipitation in New Delhi (long-term weighted average =
8.9‰ from IAEA/WMO (Web site, 2010)) (Figure 6). These
low elevation data contrast anomalously high d excess
values from low elevation tributaries of the Brahamaputra
sampled in early February (average = �14.5‰ from Hren
et al. [2009]), likely reflecting the unique isotopic signa-
ture of winter precipitation in the Himalaya [Tian et al.,
2005]. These results suggest that there is an inverse rela-
tionship between d18O and d excess up the windward side
of the Himalaya, observed along its length from the Indus
to Brahmaputra Rivers [Garzione et al., 2000a; Karim and
Veizer, 2002].
[20] From the high Himalaya into southern Tibet, d excess

of surface water decreases significantly from an average of
12.3‰ to �8.5‰, without an associated change in d18O
(Table 1). This shift occurs across the Salween River which
is the threshold delineating catchments that draw from
Himalayan precipitation with high d excess and those that
source more arid regions on the plateau with lower d excess.
A visible change in climate is also observed along the road
(highway 318) as one travels through the Salween drainage
into the Brahmaputra drainage.
[21] Across the Tibetan Plateau, there is no apparent

relationship between latitude and d excess when all stream
and river water samples are considered. However, when the
data set is filtered to only include large rivers (catchments
>1000 km2), we observe a systematic increase in d excess
from �8.5‰ in the southern plateau to �14‰ in the north
(Figure 4b). Smaller streams and tributaries show pro-
nounced variation in d excess over small distances, likely
because they are affected by local variations in climate and
topography [e.g., Barros et al., 2006; Froehlich et al., 2008]
that larger catchments may effectively average out. River
water d excess values from Tian et al. [2001] on the central
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plateau agree surprisingly well with our results, with the
exception of one uniquely low value (�7‰) from the Amdo
River at �32.3° latitude, which is excluded from our
regression (Figure 4b). A progressive increase in d excess
from south to north is consistent among data sets across the
entire plateau [Tian et al., 2001; Yu et al., 2007].
[22] The d18O values of surface water also increase by

�1.5‰ per degree latitude northward across the plateau
(R2 = 0.94) (Figure 3). This is consistent with parallel
transects further west in the central plateau which also
show a composite lapse rate of �1.5‰ per degree latitude
[Quade et al., 2011]. Snow samples track surface water
d18O closely on the plateau, as the average difference
between snow samples and their nearest surface water
samples is <1‰ (Table 1). However, d excess values from
snow are consistently much higher (average �20‰) than
surface water sampled nearby (Table 1).

4.2. Rayleigh Distillation Model for the Tibetan Plateau

[23] Rayleigh distillation of an air mass under equilibrium
conditions without local evaporation or advection of addi-
tional vapor from outside the system causes a progressive
decrease in the d18O value of precipitation [Rozanski et al.,
1993; Gat, 1996]. Subcloud evaporation of raindrops can
significantly attenuate this decrease in d18O. However,
evaporation in the air column causes d excess of precipita-
tion to decrease which is not consistent with observations on

the Tibetan Plateau [Gat and Airey, 2006; Froehlich et al.,
2008]. Here, we test whether recycling of relatively enri-
ched surface waters can account for the observed increase in
both d18O and d excess with latitude across the Tibetan
Plateau (Figures 3 and 4b) with a model of Rayleigh distil-
lation modified by surface water evaporation.
[24] We model the isotopic evolution of a vapor mass that

experiences six precipitation events where 20% of available
vapor condenses as precipitation at each step [Fankhauser,
1988; Schoenberg Ferrier et al., 1996]. Refer to the
Appendices A and B and auxiliary material Table S1 for a
detailed explanation of model input parameters and calcu-
lations. We note that the number of precipitation events has
no significant effect on the model output, and results would
be similar if a larger number of steps were used. Six pre-
cipitation events were chosen to reflect the six sites for
which we carried out back trajectory analysis using
HYSLIT. We use the Rayleigh distillation equation
(equation (A1) in Appendix A) to calculate the isotopic
composition of reservoir and product phases after precipi-
tation and/or evaporation. We assign the vapor mass an
initial d18O value of �27.7‰ and d2H value of �209‰
which produces a first rain with d18O of �18.1‰ and
d excess of �7.6‰, matching observation on the southern
Tibetan Plateau (Figures 3 and Figure 4b). Temperatures of
condensation across the plateau are based on the dew point,
which is calculated from surface temperature and relative

Figure 3. A compilation of meteoric water d18O values from sites along a transect from south to north
(Figure 1). Open and closed diamonds are surface water samples from this study. Open diamonds repre-
sent water samples collected on the windward side of the Himalaya and solid diamonds were collected
across the Tibetan Plateau. The gray curve is the average elevation over a 200 km wide swath following
the transect. The linear regression is calculated from samples on the Tibetan Plateau (closed diamonds).
Open triangles are low elevation (<700 m) surface water samples from the Himalayan foreland reported
by Hren et al. [2009]. The solid square is the long-term weighted annual d18O of precipitation at Shilong,
India (IAEA/WMO Web site, 2010). The geographic center of catchments upstream from stream or river
sample sites (centroid) is used for data from this study (all diamonds).
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Figure 4. Deuterium excess (d excess) values of rivers and tributaries in the Himalaya and on the Tibetan
Plateau, plotted against absolute latitude of the sample site. (a) Data from rivers of all sizes and (b) Deu-
terium excess (d excess) values of only large rivers (catchments >1000 km2). Data from this study (closed
diamonds) are from a south-north transect on the eastern Tibetan Plateau. Closed circles show data from
Tian et al. [2001] along a roughly parallel transect further west on the central plateau. Open diamonds rep-
resent river water samples from the high eastern Himalaya which is at the same latitude as samples from
the central Tibetan Plateau due to the arcuate shape of the Himalayan front. Open circle is a sample from
the high central Himalaya [Tian et al., 2001]. The regression (Figure 4b) is made through all samples from
the Tibetan Plateau (closed diamonds and circles). The river sample represented by an open star was not
included in the regression as its uniquely low value is not likely to represent regional trends. The geo-
graphic center of catchments (centroid) was not used because this information is unavailable for the
Tian et al. [2001] data set. See Figure 1 for the location of each transect.
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humidity using NCEP/NCAR reanalysis data. The tempera-
tures of evaporation from surface water are estimated from
soil water [Yamada and Uyeda, 2006; Yang et al., 2007b]
and surface air temperatures [Yu et al., 2006; National
Oceanic and Atmospheric Administration, 2010] during
summer months (JJA). The change in relative humidity
across the plateau (Figure 2) is used to calculate kinetic
fractionation (equation (A5) in Appendix A) associated with
evaporation of surface water [e.g., Gonfiantini, 1986]. Sur-
face water may include lakes, streams, and soil water, all of
which recycle moisture back into the atmosphere. Lakes on
the Tibetan Plateau can have d18O values that are �10–15‰
more positive than local precipitation while soil water has
been shown in Hawaii to be �5‰ more positive than stream
water [Hsieh et al., 1998]. In Xinjiang, soil water evaporation
contributes an order of magnitude less moisture to the
atmosphere compared with lake and stream water [Pang
et al., 2011]. Therefore, we use published lake water iso-
topic values for the recycled fraction on the plateau, recog-
nizing that stream and soil water evaporation may mitigate
the effects of surface water recycling. The surface water
reservoir is set to be 2 orders of magnitude larger than the

vapor mass as the volume of surface water on the Tibetan
Plateau far exceeds the volume of water vapor in the atmo-
sphere. Increases in the relative size of the surface water
reservoir beyond 2 orders of magnitude have no significant
effect on isotopic results. The evaporative flux from surface
waters is determined by the recycling ratio for each step,
defined as the ratio of locally evaporated (continental) to
advected vapor (oceanic) in the air mass [Brubaker et al.,
1993; Trenberth, 1999]. Model results show that Rayleigh
distillation modified by surface water recycling causes both
d18O and d excess values of precipitation to increase (curve 2
in Figure 5), consistent with observation of surface water
d18O and d excess across the Tibetan Plateau. The envi-
ronmental conditions necessary to model this effect are:
(1) Surface water d18O must increase downwind, (2) The
recycled fraction of moisture in precipitation (the recycling
ratio) must increase downwind, and (3) Relative humidity
at the surface must decrease downwind.

4.3. Model of Rayleigh Distillation in the Himalaya

[25] In the case of the windward side of the Himalaya, it
has been shown that there is an inverse relationship between

Figure 5. The theoretical evolution of precipitation d18O and d2H across the Tibetan Plateau through
Rayleigh distillation of an air mass modified by evaporation of surface waters. Small circles show the iso-
topic composition of surface water from large rivers (this study and Tian et al. [2001]) collected across the
plateau from south (white fill) to north (black fill). Dashed gray line is the Global Meteoric Water Line
(GMWL) and dotted line is the local meteoric water line (LMWL) defined by the equation y = 7.67x +
6.7. The isotopic composition of the first precipitation (large open circle) is assigned a value to be consis-
tent with observation on the southern plateau. Curve 1 represents the evolution of precipitation assuming
Rayleigh distillation under equilibrium conditions without evaporation or kinetic fractionation. Curve 2
represents the modeled evolution of precipitation assuming Rayleigh distillation modified by recycling
of surface water. In order to evolve both d18O and d excess to more positive values as shown in curve 2,
surface water d18O and the recycling ratio must both increase downwind while relative humidity decreases.
A detailed discussion of model parameters and calculations can be found in Appendix A and auxiliary
material Table S1.

BERSHAW ET AL.: STABLE ISOTOPES ON THE TIBETAN PLATEAU D02110D02110

9 of 18



d18O values of meteoric water and elevation [Garzione et al.,
2000a], consistent with Rayleigh distillation of vapor as it is
orographically lifted and adiabatically cooled by the range
front. Surface water data from this study and others
[Garzione et al., 2000a; Karim and Veizer, 2002] suggest
that d excess co-varies with elevation along the same
transects. We model the isotopic composition of precipita-
tion distilled at progressively colder temperatures (27.5°C
to �7°C) from the Himalayan foreland to the high Hima-
laya using initial d18O and d excess values of �8.4‰ and
�8‰ respectively, based on low elevation surface water
reported by Garzione et al. [2000a]. Temperatures of con-
densation are approximated as the surface dew point tem-
perature (equation (A2) in Appendix A) using the mean
summer (JJA) surface air temperature (T) at New Delhi (the
Himalayan foreland) and at �6000 m near Mt. Qomo-
langma (Everest) which are �31.5°C and ��3°C respec-
tively [Xie et al., 2006; IAEA/WMO Web site, 2010], and
the relative humidity (RH) at both sites which is �80%
(Figure 3). Results show that Rayleigh distillation, assum-
ing equilibrium fractionation at progressively colder tem-
peratures of condensation, causes d excess to increase in
precipitation, consistent with observations in the Himalaya
(Figure 6). Other possible reasons for the observed increase
in d excess with elevation are discussed in section 5.1.1.

4.4. HYSPLIT Modeling of Air Mass Contribution

[26] The climatology of precipitation-producing back tra-
jectories is shown for six locations in Figure 7a. For each

panel in Figure 7a, a large red square corresponds to the
location of interest for all back trajectories. The small dots
correspond to the location of each air parcel 72 h before
reaching the location of interest, and gray shading indicates
the density of these dots. Trajectories were calculated twice
a day for summer months (JJA), from 2005 to 2009.
Therefore, 920 total trajectories were computed at each
location, and only the precipitation-producing trajectories
are shown.
[27] Along the south-north transect, there is a general

preference for air to emanate from one of three directions,
which we refer to as the southerly (coming from the
south), northwesterly, and easterly source regions. It is
notable that none of the back trajectories extend to an
ocean, which is a strong indication that continental recy-
cling of moisture is significant. On the southern and cen-
tral plateau (the 3 southern-most sites), almost all air
masses arrive from the southerly source region. On the
northeast margin of the plateau, however, the southerly
source region plays a much smaller role; in these regions,
easterly and northwesterly sources dominate. In the lower
elevation region beyond the northeastern margin of the
Tibetan Plateau (the 2 northern-most sites), air masses are
derived exclusively from easterly and northwesterly sour-
ces. We also calculate back trajectories along a meridional
transect in the central Tibetan Plateau shown in Figure 7b.
These back trajectories are analagous to those along the
eastern transect in that they show a predominantly south-
erly source across at least two thirds of the width of the

Figure 6. Deuterium excess (d excess) values of river water and stream water from the Himalaya plotted
against sample site elevation. Data from this study (open diamonds) are from the upper reaches of the
Brahmaputra drainage (Figure 1). Solid squares are tributaries of the Kali Gandhaki river in the central
Himalaya published by Garzione et al. [2000a]. Filled star and open star are the annual weighted average
d excess of precipitation at New Delhi and Shilong, India respectively (IAEA/WMO Web site, 2010).
Dashed line represents d excess of precipitation based on Rayleigh distillation where condensation occurs
at progressively colder temperatures (27.5°C to �7°C) up the windward flank of the Himalaya (refer to
Appendix B and auxiliary material Table S1 for model parameters and calculations).
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plateau, with one notable exception: the central Tibetan
Plateau does not show an easterly source region.
[28] The back trajectories indicate flow patterns that are

reasonable for atmospheric circulations in this region. For
example, there is a systematic decrease in the number of
precipitation-producing trajectories from the south to the
north, consistent with observations of precipitation amount
across the plateau (IAEA/WMOWeb site, 2010). In addition,
the trajectories have preferred source regions, but these
source regions are quite diffuse indicating that atmospheric
flow patterns are variable. One surprising result is that the
most southerly trajectories in the eastern Tibetan Plateau
transect emanate from a small region in the Brahmaputra
delta (Figure 7a), whereas in the central transect, these
southerly trajectories are more widely distributed. While this
strong localization on the eastern Tibetan Plateau is certainly
possible, this may be a model artifact; small errors in modeled
winds near steep topography could give rise to this phe-
nomenon. Regardless, there is no doubt that the southerly

trajectories emanate from south of the Himalaya. Though it
seems likely that northwesterly back trajectories are ulti-
mately derived frommidlatitude westerlies with origins in the
Atlantic and/or Mediterranean, it is also possible that they are
related to Pacific-derived vapor that makes its way around the
northeast margin of the Tibetan Plateau. Distinguishing
between these possibilities is beyond the scope of this study.

5. Discussion

5.1. Controls on d18O and d2H of Modern Meteoric
Water

[29] An understanding of modern isotopic evolution in
meteoric water across the Himalaya and Tibetan Plateau is
necessary for interpretation of past changes in elevation and
climate from isotopes preserved in the geologic record. Our
isotopic results from surface waters across the eastern
Himalaya and Tibetan Plateau show trends consistent with
roughly parallel transects further west [Garzione et al.,

891 trajectories

466 trajectories

512 trajectories

485 trajectories

416 trajectories

229 trajectories

449 trajectories

490 trajectories

138 trajectories

(a) (b)

Figure 7. (a) HYSPLIT back trajectories showing the location of summertime (JJA) precipitation-
producing air parcels (black dots) 72 h prior to their arrival at one of six sites (red squares). Back trajectory
sites follow our south-north sampling transect on the eastern Tibetan Plateau. 2-D histograms represent air
parcel origin density. Dark black outline is the 3500 m elevation contour. (b) HYSPLIT back trajectories
with the same boundary conditions shown in Figure 7a. These 3 back trajectory sites follow a roughly par-
allel transect on the central Tibetan Plateau similar to that described by Tian et al. [2001]. The 2-D histo-
grams represent air parcel origin density. Again, the dark black outline is the 3500 m elevation contour.
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2000a; Tian et al., 2001; Karim and Veizer, 2002; Quade
et al., 2007; Yu et al., 2007]. However, HYSPLIT back
trajectories along the eastern plateau transect (Figure 7a)
show an easterly source region which is absent within the
central plateau transect (Figure 7b). Consistent trends in
d18O and d excess along N-S transects across the plateau,
regardless of changes in source region, suggest that a local
process, such as continental recycling, may overprint the
original isotopic signature of source moisture.
5.1.1. The Margins of the Himalaya and Tibetan
Plateau
[30] Results show an inverse relationship between d18O

and elevation up the Brahmaputra drainage (Figure 3), con-
sistent with Rayleigh distillation of vapor as it is oro-
graphically lifted and adiabatically cooled. This trend is now
documented along the Himalayan front [Garzione et al.,
2000a; Karim and Veizer, 2002; Hren et al., 2009],
around the eastern syntaxis [Hoke et al., 2008], and up the
plateau’s eastern margin [Yu et al., 1984]. Tributaries
(catchments <1000 km2) on the northeast margin of the
Tibetan Plateau (latitude >35°) show an isotopic lapse rate
of �2.1‰/km with R2 = 0.85 (Table 1). However, this
isotopic lapse rate decreases to only �0.8‰/km (R2 = 0.53)
when corrected for changes in d18O with latitude (discussed
in section 5.1.3).
[31] Considering that this region receives the majority of

its precipitation during the summer months (JJA) (auxiliary
material Figure S1) and that the Himalaya and eastern mar-
gin of the Tibetan Plateau are proximal to the Bay of Bengal
and South China Sea, the majority of precipitation in these
areas is likely ultimately derived from the Indian and east
Asian monsoons. However, high d excess values throughout
the high Himalaya (average = 12.3‰ from this study) rela-
tive to lower elevations in the Himalayan foreland (Figure 6)
suggest that a significant amount of high elevation precipi-
tation may be transported to the region during the winter and
early spring by westerlies from a Mediterranean source
[Karim and Veizer, 2002; Tian et al., 2005; Hren et al.,
2009] as it is on the northwestern flank of the Tian Shan
[Numaguti, 1999]. This is consistent with studies in the
Himalaya and elsewhere that suggest unique sources of pre-
cipitation may be prevalent at different elevations along range
fronts [Holdsworth and Krouse, 2002; Barros et al., 2006].
[32] However, it is also possible that progressively lower

temperatures of condensation at higher elevations in the
Himalaya also cause d excess values to increase as predicted
by Rayleigh distillation under equilibrium conditions (see
dashed curve in Figure 6, Appendix B, and Table S1) [e.g.,
Jouzel and Merlivat, 1984]. The same relationship between
elevation and d excess is observed in precipitation up the
windward side of the Andes [Gonfiantini et al., 2001] and in
Antarctica [Petit et al., 1991], indicating that a Mediterra-
nean source for the high d excess of precipitation is not a
unique explanation for these trends. Instead, low relative
humidity over oceanic source regions during winter months
may cause an increase in d excess of high elevation precip-
itation worldwide [Jouzel et al., 1997]. Other local processes
may also contribute to relatively high d excess values in the
high Himalaya such as local moisture recycling, reduced
subcloud evaporation, and/or increased contributions from
orographic fog [Liotta et al., 2006; Scholl et al., 2007;
Froehlich et al., 2008; Cui et al., 2009].

5.1.2. The Himalayan Rainshadow
[33] On the leeward side of the Himalaya, results show

that d excess values of surface water shifts by �3.8‰ from
an average of 12.3‰ in the high Himalaya to 8.5‰ imme-
diately north (Table 1), consistent with a shift from high d
excess snow on Qomolongma (Mt. Everest) (>10‰) to
lower values in precipitation (4.1‰) just �50 km north in
Tingri [Kang et al., 2002]. Low d excess values for surface
water are also observed along the upper Yarlung Tsangpo
river (average = 4‰ from Hren et al. [2009]) located less
than 200 km north of the Himalayan crest, and in river water
south of the Tanggula Mountains on the central Tibetan
Plateau (average = 6.6‰) (Figure 4b) compared to high
elevations in the central Himalaya and northern plateau
where d excess >10‰ [Tian et al., 2001, 2005]. These
studies attribute relatively low d excess values on the
southern plateau to monsoon versus westerly derived pre-
cipitation, though Kang et al. [2002] suggest local weather
conditions may also contribute.
[34] This drop in d excess values may be due to a change

in climate from the windward side of the Himalaya into its
rainshadow, where evaporation of raindrops falling through
a lower humidity air column result in lower d excess values
of precipitation [e.g., Araguás-Araguás et al., 1998; Gupta
and Deshpande, 2003; Peng et al., 2009]. This effect is
demonstrated on the central Tibetan Plateau where d excess
of precipitation increases throughout the lifecycle of storms
due to moistening of the ground surface and air column
which reduces subcloud evaporation [Kurita and Yamada,
2008]. A similar negative shift to relatively low d excess in
the rainshadow of the Andes is seen in precipitation from
high in the eastern Cordillera (�18‰ from Gonfiantini et al.
[2001]) to La Paz, Bolivia (annual weighted mean = 12.6‰
from IAEA/WMOWeb site, 2010), consistent with subcloud
evaporation of raindrops over the relatively arid Altiplano.
5.1.3. The Tibetan Plateau
[35] Northward across the plateau, there is a positive trend

in meteoric water d18O that is linear (�1.5‰ per degree
latitude) and robust (R2 = 0.94) (Figure 3). As we previously
noted, this is remarkably consistent with roughly parallel
transects further west for both precipitation and surface
water [Tian et al., 2001; Quade et al., 2007; Yu et al., 2007].
Considering the Tibetan Plateau maintains an elevation of
�5 km, this trend cannot be attributed to a decrease in ele-
vation. Instead, the steady and consistent increase in d18O
may reflect an increase in the contribution of westerly and/or
continental-derived moisture northward [Tian et al., 2001;
Quade et al., 2007; Yu et al., 2008].
[36] Our modeling and HYSPLIT results suggest that

monsoon-derived precipitation, originating over the Indian
and/or South Pacific Ocean, dominates the hydrological
budget of the southern, eastern, and possibly central Tibetan
Plateau. This is consistent with the observation that precipi-
tation on the Tibetan Plateau and its margins falls predomi-
nantly during summer months (auxiliary material Figure S1),
which generally coincides with Indian and east Asian mon-
soon rainfall.
[37] HYSPLIT back trajectories are consistent with the

interpretation that the original oceanic source of moisture
changes from the southern to northern Tibetan Plateau [Tian
et al., 2001; Quade et al., 2007; Yu et al., 2008]. However,
HYSPLIT results also suggest that the relative contribution of
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air masses derived from unique source regions varies across
the plateau from east to west (Figures 7a and 7b) despite
consistent trends in both d18O and d excess along parallel N-S
transects (Figures 3 and 4b) [Tian et al., 2001; Yu et al.,
2007]. Accordingly, it is possible that an increasing fraction
of recycled surface water in precipitation from south to north
across the plateau is causing the observed positive trend in
d18O, regardless of changes in original oceanic source.
5.1.4. Air Mass Mixing Models for the Northern
Tibetan Plateau
[38] Air mass mixing models, where multiple vapor sour-

ces with distinct isotopic signatures mix in different pro-
portions across the plateau, have been used to explain the
trends in both d excess and d18O for the Himalaya and
Tibetan Plateau [Karim and Veizer, 2002; Yang et al., 2006].
However, Mediterranean (�20‰) [Gat and Carmi, 1970],
Indian and Pacific Ocean (�10‰), and Arctic (<10‰)
[Dansgaard, 1964] end-members should be used with cau-
tion because it has been demonstrated that d excess is sub-
stantially affected by processes during transport in this
region [Numaguti, 1999; Gupta and Deshpande, 2003;
Yamada and Uyeda, 2006; Kurita and Yamada, 2008]. That
said, sites along the western edge of the Pamir plateau and
Tian Shan receive precipitation primarily during winter and/
or spring months (auxiliary material Figure S1), consistent
with seasonal precipitation in the Mediterranean basin
(IAEA/WMO Web site, 2010). Urumqi (Wulumuqi), China,
is a Global Isotopes in Precipitation (GNIP) site located in
the Tian Shan that intercepts westerlies [Aizen et al., 1997;
Tian et al., 2007; Pang et al., 2011] en route to the Tibetan
Plateau. It has an extended rainy season with precipitation
falling primarily during the spring and summer (auxiliary
material Figure S1). Urumqi’s amount weighted average
d excess for spring (MAM) is �11.7‰ and summer (JJA)
is �8.5‰, both consistent with Arctic or monsoon derived
moisture (IAEA/WMO Web site, 2010). Winter precipita-
tion (DJF) d excess is much higher at �21‰ (IAEA/WMO
Web site, 2010), more typical of Mediterranean (westerly)
sourced precipitation. This is consistent with HYSPLIT back
trajectories that show the northwesterly source region is
more prevalent in the winter months compared to summer
months (not shown). Though the winter is relatively dry in
Urumqi and on the Tibetan Plateau, it is possible that the
relative contribution of winter-time precipitation via west-
erlies increases northward across the Tibetan Plateau.
However, to fully account for the increase in d excess
observed in surface water northward across the plateau that
reaches a maximum of �14 to 16‰ (Figure 4), winter pre-
cipitation would have to provide �50% of the annual total.
This assumes equal mixing between winter (�20‰) and
summer (�10‰) end-members and is inconsistent with
records around the plateau margins that show the majority of
precipitation falls during summer months, though precipita-
tion during winter months may be significant at high eleva-
tions on the northern plateau, as is observed in the high
Himalaya (auxiliary material Figure S1) [Tian et al., 2005].

5.2. Implications for Paleoclimate and Paleoelevation
Reconstructions

[39] The modern d18O versus elevation lapse rate up the
Himalaya (�2.9‰/km from Garzione et al. [2000a]), caused
by Rayleigh distillation of an air mass under near equilibrium

conditions, is likely to apply to paleowaters in the proto-
Himalaya if precipitation was derived from a nearby ocean
under similar temperature and relative humidity conditions
[Rowley and Garzione, 2007]. Given the low latitude set-
ting, this appears to be the case at least since collision with
Eurasia �45–55 Ma [Rowley, 1996; Searle et al., 1997;
Zhu et al., 2005] as either the Neo-Tethys or Indian Ocean
has been directly south of Eurasia throughout the Cenozoic
[Scotese et al., 1988; Ali and Aitchison, 2008]. Though it
has varied in intensity, the monsoon was likely active
throughout the entire Cenozoic as the persistence of a high
(�4000 m) proto-Himalaya [Molnar et al., 2010] alone
may be enough to drive Indian monsoon circulation [Boos
and Kuang, 2010].
[40] The isotopic composition of surface water on the

northeast margin of the Tibetan Plateau is on average �6‰
more positive compared to similar elevations in the Hima-
laya (Figure 3 and Table 1). Our results suggest that this may
be due to a large continental recycled fraction in precipita-
tion on the northern plateau. This northward increase would
be reduced by the existence of an inland sea in communi-
cation with the ocean, such as the Paratethys seaway, as has
been documented in the Tarim Basin during late Cretaceous,
Paleogene, and as recently as middle Miocene time [Wang
et al., 1992; Ritts et al., 2008; Bosboom et al., 2010]. The
effect an inland sea would have on d18O values might not
be substantial considering that sites in the Mediterranean
Basin (an analog that might resemble marine conditions in
the Tarim Basin) show precipitation d18O values near �8‰
at �1000 m elevation [Gat et al., 1996; Liotta et al., 2006],
similar to modern surface water on the northeast margin of
the Tibetan Plateau (Figure 3).
[41] When the latitudinal change in the d18O values of

modern meteoric water is incorporated into paleoelevation
estimates for the central and northern plateau, the effect is
significant. We take a similar approach to that ofQuade et al.
[2011] to quantify this effect for the northern Tibetan Plateau.
Fenghuoshan carbonates from the Hoh Xil Basin, currently at
�5000 m on the northern Tibetan Plateau, suggest paleo-
water d18O was an average of �9.7‰ � 2.1 during Eocene-
Oligocene time [Cyr et al., 2005]. This should be considered
a minimum value as these rocks have undergone significant
thermal alternation [Polissar et al., 2009] which might cause
a negative shift in d18O [e.g., Garzione et al., 2004]. A gen-
eral increase in d18O of ocean water since the Eocene [Zachos
et al., 2001] likely caused a wholesale increase in the isotopic
composition of global precipitation. This consideration
decreases paleoelevation calculations, increasing estimates
of elevation gain. Correcting for the isotopic composition
of ocean water at low latitude due to less ice volume in the
late Eocene (�2‰ from Zachos et al. [1994, 2001]) gives
a revised paleoelevation of �800 m. Assuming precipita-
tion was primarily sourced from the south (Neo-Tethys)
with an increasing recycled fraction inland as is observed
today, a third correction can be applied using the modern
latitude-d18O relationship (�5° latitude causes d18O to
increase by �7.7‰ from Figure 3) which increases the
paleoelevation estimate substantially to �3500 m. This is
�1500 m lower than the Hoh Xil Basin today, but much
higher than the paleoelevation estimate by Cyr et al.
[2005] of �2040 m. The latter is based on a Rayleigh
distillation model that incorporates the d18O value and
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temperature of contemporaneous vapor at its oceanic
source [e.g., Rowley et al., 2001].
[42] Paleowater d18O derived from Miocene plant wax in

the Wudaoliang Formation in the same basin (Hoh Xil)
averages �13.9‰ � 0.3 [Polissar et al., 2009]. Accounting
for differences in Miocene ocean d18O due to lower global
ice volume (��1.5‰ from Zachos et al. [2001]) and
applying the same correction for the latitudinal change
(�7.7‰ from Figure 3) gives a paleoelevation estimate
similar to modern of �5100 m, considerably higher than the
�3500–4000 m calculated by Polissar et al. [2009]. Both
estimates suggest that the northern Tibetan Plateau rose by
�1500 m from late Eocene to Miocene time. The assump-
tion that continental recycling has had as profound an effect
on isotopes on the northern Tibetan Plateau in the past as it
does today results in higher paleoelevation estimates
throughout the history of the plateau.

6. Conclusions

[43] We constrain mechanisms responsible for the iso-
topic evolution of meteoric water across the Himalaya
and Tibetan Plateau by considering new surface water
data in the context of a simple Rayleigh distillation
model and HYSPLIT air mass back trajectories. Surface
water d18O and d2H results from a roughly south-north
transect on the eastern margin of the Tibetan Plateau are
consistent with trends observed further west and along
the plateau margins (Figure 1). Specifically, results cor-
roborate consistent d18O lapse rates along the eastern and
southern margins of the Tibetan Plateau and Himalaya
respectively that are also close to the global average
[Garzione et al., 2000a; Poage and Chamberlain, 2001].
Results show a linear and robust relationship between
d18O and latitude (Figure 3), as has been documented on the
central Tibetan Plateau [Tian et al., 2001;Quade et al., 2007,
2011]. Covariance between d excess and latitude is also
observed along the same transects (Figure 4).
[44] A simple model of vapor evolution that undergoes

Rayleigh distillation modified by recycling of surface water
can explain both trends in d18O and d excess across the pla-
teau (Figure 5, Appendix A, and auxiliary material Table S1).
While the relative contribution of unique moisture sources
to precipitation may vary across the region and at different
altitudes [Tian et al., 2005, 2007], an increased recycled
fraction of precipitation inland seems to dominate the
isotopic composition of meteoric water on the Tibetan
Plateau based on consistent trends in both d18O and d excess
along parallel transects on the eastern and central plateau
(Figures 3 and 4b), regardless of variation in air mass mixing
(Figures 7a and 7b).
[45] Though the intensity of the Asian monsoon has fluc-

tuated [Molnar, 2005; Sun and Wang, 2005], the persistence
of a proto-Himalaya [Molnar et al., 2010] and proximity of a
southern ocean [Scotese et al., 1988; Ali and Aitchison,
2008] since the Eocene likely resulted in monsoon circula-
tions [Boos and Kuang, 2010]. Thus, recycling of vapor in
the rainshadow of the Himalaya should be considered when
estimating temporal changes in elevation from isotopes of
paleowaters, with the understanding that marine transgres-
sions into the Tarim Basin may disrupt the modern trend.
The paleoelevation of the Hoh Xil Basin on the northern

Tibetan Plateau is recalculated to account for the modern
latitudinal d18O gradient, giving a corrected paleoelevation
�1500 m below modern during Eocene-Oligocene time
(�3500 m versus �2040 m from Cyr et al. [2005]) and
elevations similar to modern in the Miocene. This implies
that both the northern and southern Tibetan Plateau were
topographically high soon after collision with India, con-
sistent with a model of contemporaneous near and far-field
lithospheric deformation [Dayem et al., 2009].

Appendix A: Rayleigh Distillation Modified by
Surface Water Recycling

[46] The evolution of d18O, d2H, and d excess values of
both vapor and precipitation are modeled using Rayleigh
distillation modified by surface water recycling. Calculations
are shown in auxiliary material Table S1. The model starts
with a vapor mass of dimensionless size = 1 that experiences
six precipitation events where 20% of available vapor con-
denses as precipitation at each step. 20% is a conservative
estimate based on modeling of rainfall to condensation ratios
[Schoenberg Ferrier et al., 1996] and measurements of pre-
cipitation amount relative to vapor entering a storm
[Fankhauser, 1988]. Changing the number of precipitation
events does not significantly affect model output if the initial
and final vapor mass sizes are the same for both cases. We
assign the air mass an initial d18O value of �27.7‰ and d2H
value of �209‰ which produces a first rain with d18O of
�18.1‰ and d excess of �7.6‰, matching observation on
the southern Tibetan Plateau (Figures 3 and 4b). The isotopic
composition of reservoir and product phases are calculated
using the Rayleigh distillation equation for an air mass
undergoing condensation,

R ¼ Ro * f
ða�1Þ: ðA1Þ

R is defined as 18O/16O or 2H/H in the residual reservoir, Ro

is the initial isotopic ratio of the reservoir before fraction-
ation, f is the fraction remaining, and a is the equilibrium
fractionation factor which is empirically defined based on the
phase change and temperature [Majoube, 1971]. Tempera-
tures of condensation are approximated from the surface dew
point (Td) which is calculated across the plateau using the
simple relationship [Lawrence, 2005]

Td ¼ T � ½ 100� RHð Þ=5�: ðA2Þ

[47] According to NCEP/NCAR reanalysis data, mean
surface temperatures (T) during summer months (JJA)
decrease from �10°C on the southern plateau to �5°C on
the central plateau, and then increase to �15°C on its
northeast margin [Kalnay et al., 1996]. Relative humidity
(RH) decreases monotonically from �85% to 60% along the
same south-north transect (Figure 3). Equation (A1) is in
terms of 18O/16O ratios (R) so we convert the delta value,
which is reported relative to the Vienna Standard Mean
Ocean Water standard (VSMOW � 0.0020052) using the
following equation:

d18O ¼ ð18O=16OÞSample
ð18O=16OÞVSMOW

� 1

" #
* 1000: ðA3Þ
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This gives an initial vapor 18O/16O value (Ro) =
0.001949716. Using the Rayleigh distillation equation (A1),
we calculate the d18O value of precipitation. Because we
estimate 20% of vapor condenses as rain, f = 0.8. The
fractionation factor between vapor and liquid water at 7°C
is �1.010995868 [Majoube, 1971]. Solving equation (A1)
for the residual vapor (R) and converting this into delta
notation using equation (A3) gives a d18O value of resid-
ual vapor (after 20% is removed as rainfall) of �30.1‰.
Based on the d18O of the vapor before and after precipi-
tation, a mass balance equation is used to calculate the
d18O of precipitation,

d18Ooriginal ¼ ð0:2 * d18OproductÞ þ ð0:8 * d18OresidualÞ: ðA4Þ

[48] After precipitation, we assume surface water evapo-
rates and is integrated into the vapor mass. The isotopic
composition of surface water is based on lake water across
the Tibetan Plateau (Table A1) where d18O generally
increases from �5‰ on the southern plateau to 3.5‰ in the
northeast at Qinhai Lake. Changes in d excess are less well-
constrained as d2H data does not exist for many sites.
Therefore, we assume a negative d excess trend of �5‰ to
�15‰ from south to north across the plateau based on
evaporation of lake waters under progressively lower rel-
ative humidity (Figure 2) [Gat and Airey, 2006]. We set
the surface water reservoir to be many times larger than
the vapor mass and note that changes in reservoir size do
not significantly affect isotopic results. The evaporative
flux from surface waters is determined by the recycling
ratio for each step, defined as the ratio of locally evapo-
rated (on the Tibetan Plateau) to advected vapor (that
which arrives from somewhere outside the plateau) in the
air mass [Brubaker et al., 1993; Trenberth, 1999]. This
ratio has been shown to reach 80% on the Tibetan Plateau
[Numaguti, 1999; Kurita and Yamada, 2008]. We assume
that vapor entering the plateau already has a recycled
fraction of 30% and then increases by 10% for each of the
5 precipitation event thereafter, reaching 80% on the
plateau’s northern margin.
[49] Though mean surface air temperature across the pla-

teau averages �10°C for summer months (JJA) [Yu et al.,
2006; National Oceanic and Atmospheric Administration,
2010], soil water temperatures during the afternoon are
often between 20°C and 30°C [Yamada and Uyeda, 2006;
Yang et al., 2007b] so we use 20°C as the temperature of
surface water evaporation. Because evaporation is occurring
at <100% relative humidity (RH) (Figure 2), kinetic

fractionation is estimated using an equation from Gonfiantini
[1986]:

Dd18O ¼ 14:2 * ð1� RHÞ: ðA5Þ

[50] Additional calculations of the d18O of rainfall
derived from residual vapor are carried out over five more
steps. The d2H values are calculated using the same boundary
conditions. The only differences are the value of VSMOW
(2H/H = 0.00015576), the kinetic fractionation equation (A5),
and the fractionation factor (a), also based on work by
Majoube [1971]. Deuterium excess (d excess) is also calcu-
lated for each precipitation event using equation (1).

Appendix B: Rayleigh Distillation Model
for the Himalaya

[51] Calculations are shown in auxiliary material Table S1.
The isotopic evolution of precipitation up the windward
flank of the Himalaya is modeled using simple Rayleigh
distillation (equation (A3)). The only differences are the
starting values of d18O and d excess (�8.5‰ and 7.9‰
respectively) which are based on low elevation surface water
reported by Garzione et al. [2000a], the temperatures of
condensation which decrease from 27.5°C to �7°C, and
relative humidity, which stays at �80%. Temperatures of
condensation are estimated from equation (A2) using the
mean summer (JJA) surface air temperature (T) at New
Delhi (the Himalayan foreland) and at �6000 m near Mt.
Qomolangma (Everest) which are �31.5°C and ��3°C
respectively [Xie et al., 2006; IAEA/WMO Web site, 2010],
and the relative humidity (RH) at both sites which is esti-
mated from Figure 2.
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