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Measurements of stable water isotopes (oxygen and hydrogen) are commonly used to estimate 
palaeoelevation and quantify past changes in surface height across Tibet. Isotope palaeoaltimetry is 
often based on simple Rayleigh fractionation of a “parcel of air”, but must make a considerable number 
of approximations and assumptions. In this paper, we elaborate on the practicability of oxygen water 
isotopes in palaeoaltimetry, and evaluate a recent challenge to the palaeoaltimetry community. First, 
we examine the isotopic composition of oxygen (δ18O) versus altitude relationship in a set of five 
topographic realisations of Tibet using an isotope-enabled palaeoclimate model for the mid-Eocene, a 
period where a variety of topographic ‘uplift’ models have been proposed, and compare it to modern 
relationships. Second, we investigate whether isotopic composition is a good predictor of more modest 
changes in topography, such as the introduction of a valley system or uplift of only part of the Tibetan 
region. The aim of the paper is not to perform a direct comparison to data, but to use the model to 
further refine knowledge of the strengths and limitations of using oxygen isotopes in palaeoaltimetry. 
We find that oxygen isotope palaeoaltimetry works surprisingly well, with the exception that it could 
not identify low elevation valley systems bounded by high elevations because the isotopic composition 
of the water in the air becomes depleted at the first high elevation that an air parcel passes over and 
does not recover when it descends into the valley. Hence, isotope-based elevations are biased towards 
mountain range peaks. Overall, the application of oxygen isotope palaeoaltimetry does have value, but 
would be further strengthened when employed together with isotope-enabled models. In conjunction 
with other techniques such as terrestrial thermal lapse rates and energy conservation approaches, over 
a wide spatial region, a more accurate and fully three-dimension view of complex palaeo-topography is 
increasingly possible, which will in turn improve the precision of these palaeoaltimeters.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/).

1. Introduction

Knowing accurately the elevation history of Tibet (and other 
uplands) has the potential to improve our understanding of plate 
dynamics (Brenner et al., 2020; Lippert et al., 2011), core-mantle 
interactions (Li and Song, 2018; Xiong et al., 2022), the geophysi-
cal structure of Earth (Jellinek et al., 2020) and climate dynamics 
(Farnsworth et al., 2019). Surface height has, for a considerable 
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time, been identified as an important boundary condition for cli-
mate models in that it has a major impact on atmospheric and 
ocean circulation patterns, both locally, regionally (e.g. Ehlers and 
Poulsen, 2009; Farnsworth et al., 2019; Gregory-Wodzicki et al., 
1998; Huber and Goldner, 2012; Li et al., 2021; Molnar et al., 2010; 
Walsh, 1994) as well as globally (Yang et al., 2020). Furthermore, 
how these processes interact to shape the landscape is important 
to understand due to their wider impact on biodiversity patterns 
through time (Li et al., 2021; Saupe et al., 2019).

Estimating palaeoelevation with any accuracy and precision is 
difficult (Farnsworth et al., 2021; Meyer, 2007; Spicer et al., 2021a). 
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Simple understanding of plate tectonics can help strengthen our 
qualitative knowledge of uplift history by allowing us to esti-
mate the location (e.g. Markwick and Valdes, 2004) major moun-
tain ranges, erosion, sediment mobilization and accumulation (e.g. 
Zhang et al., 2019). However, what is really required is a way of 
measuring directly the elevation of Earth’s surface, but reliable 
quantification of palaeoelevation is problematic and has to be done 
via a range of proxies.

Such proxies are typically in the form of either fossils or iso-
topic composition. To convert temperature-based estimates derived 
from fossils, often but not exclusively plants, through morpholog-
ical leaf trait analysis (e.g. Spicer et al., 2021c) or taxonomic affil-
iation, (e.g. Deng and Ding, 2015; Utescher et al., 2014) requires 
knowledge of thermal lapse rates that show large variation range 
and cannot be constrained from proxy observations, but may be 
derived from climate models (e.g. Farnsworth et al., 2019; Su et 
al., 2019). Leaf-trait analysis methods can also be used to estimate 
moist enthalpy from which elevation can be estimated through 
conservation of energy principles (Forest et al., 1995), but this re-
quires an estimate of moist enthalpy at mean sea level at the same 
geological time, and similar latitude. When proximal co-eval sea 
level fossil assemblages are not available, models can also be used 
to estimate such values (Khan et al., 2014; Su et al., 2020).

Palaeoelevation estimates can also be derived using stable wa-
ter (oxygen and hydrogen) isotope signatures preserved in proxies 
(e.g. as carbonates in palaeosols, hydrothermally altered miner-
als, metamorphic micas, clay minerals, fossil teeth, chert, hydrated 
volcanic glasses) (e.g. Garzione et al., 2000; Polissar et al., 2009; 
Rowley and Currie, 2006) by exploiting isotope fractionation that 
takes place through atmospheric processes. This approach has been 
extensively used to estimate Tibetan orographic history (see review 
in: Ding et al., 2017). Stable isotope palaeoaltimetry assumes that 
stable water isotopes undergo Rayleigh fractionation as moisture 
is lofted over a mountain. Heavy 18O and D isotopes preferentially 
rain out first and thus decrease the isotopic composition values 
(with respect to δ18O and δD) with increasing distance from the 
original water source. To quantify this isotopic change, the iso-
topic composition of the original water source is required, i.e., the 
water at the base of the mountain where the ascent begins. In 
the geologic record, these stable water isotopes are then archived 
in a secondary geologic material (e.g., carbonates, organic matter) 
that is presumed to accurately reflect the isotopic values of pre-
cipitation (Rowley, 2007). Assuming that the archive is not altered 
during diagenesis, the stable water isotope method assumes that 
there is no significant recycling of moisture along the air parcel 
trajectory or convergence of other air parcels from geographically 
remote moisture sources.

These assumptions regarding air parcel physics (e.g., moisture 
recycling or convergence) can be evaluated using stable water 
isotope-enabled climate models that incorporate a much more 
complex and complete representation of fractionation processes as 
compared to the very simple treatment or even ‘educated guesses’ 
(Hoke, 2018) often used in the exclusively proxy-based approach. 
Many publications have investigated the relationship between sta-
ble water isotopes and altitude via isotope-enabled models as ap-
plied to S. American and N. American orography (Feng et al., 2013; 
Poulsen et al., 2010). These papers concluded that many factors 
influence the δ18O signal in precipitation, including changes in 
vapour mixing, source regions, moisture recycling, and precipita-
tion type (i.e., convective versus large-scale). The different impacts 
of convective and large-scale precipitation on the isotopic composi-
tion of rainwater were first noted by Dansgaard (1964). Dansgaard 
observed that higher latitude samples (dominated by large scale 
precipitation) had a greater correlation between the isotopic con-
tent and air temperature compared to the tropics (dominated by 
convective precipitation) and sub-tropics, which had greater deple-

tion in heavier water isotopes due to higher precipitation rates. The 
process became known as the “amount effect”. Terrestrial sources 
of fractionation (e.g. different vegetation types can have different 
transpiration fluxes as a result of different water use efficiency 
strategies and these can result in different fractionation rates that 
can impact the oxygen isotope signature (Farquhar et al., 2007)) 
may also be a factor that is currently not considered in some 
models. However, it is likely to be of secondary importance as 
soil evaporation (which includes transpiration in the land surface 
scheme in HadCM3) only accounts for 10% (Tindall et al., 2009) of 
total evaporation from the land surface scheme, where fractiona-
tion in the soil column is accounted for.

More recently, Botsyun et al. (2016) evaluated δ18O versus alti-
tude relationships for Tibet. They performed a series of simulations 
with modern day geographic configuration and varied the height 
and distribution of Tibetan elevation. Using their isotope-enabled 
climate model they concluded that only about 40% of sampled sites 
reflected the topographic signal, that humidity-related changes al-
tered the relationship in northern Tibet and precipitation amount 
effects impacted to the south (Tharammal et al., 2017). Similarly, 
Shen and Poulsen (2019) showed that the Rayleigh distillation pro-
cess is only dominant in the monsoonal regions of the Himalaya 
when the mountains are high. Both studies argue that the stable 
water isotope altimetry has severe limitations when applied to the 
Himalayan-Tibetan region.

However, neither of these studies modified their palaeogeog-
raphy nor considered the past complex topography of Tibet. The 
simulations were simply sensitivity experiments using modern-
day geography. So far, the only isotope-enabled model study of 
Tibetan δ18O values versus altitude relationships with a palaeo-
configuration was by Botsyun et al. (2019). They simulated hy-
pothetical mid-Eocene conditions using variously elevated modern 
plateau heights and compared the outcomes to observational δ18O
data constraints. They concluded that the best match between 
models and data could only be achieved if Eocene elevations were 
very low. Their best match was when the entire Tibetan region was 
less than 1000 m high, which is at odds with proxy-constraints 
(Ding et al., 2014; Ingalls et al., 2017) and a wealth of geologi-
cal arguments for the formation of a high Andean-type Gangdese 
mountain system in the south of the Tibetan region arising from 
the successive subduction of Neo-Tethys Oceanic crust and inden-
tation of India onto Eurasia (Kapp and DeCelles, 2019). Valdes et 
al. (2019) have challenged the Botsyun et al. (2019) conclusion, 
suggesting that their atmosphere-only model could be seriously bi-
asing their results and that the sea-surface temperatures they used 
were anomalously warm.

In this paper, we will elaborate on the practicability of oxy-
gen water isotope in palaeoaltimetry in two respects. First, we will 
evaluate the δ18O versus altitude relationship of our mid-Eocene 
simulation and compare it to modern relationships. Second, we 
will then investigate whether the isotopic distribution is a good 
predictor of more modest changes in topography, such as the in-
troduction of a valley system or uplift of only part of the Tibetan 
region. The aim of the paper is not to perform a direct comparison 
to observational data because we are not necessarily reproducing 
realistic past landscapes and until realistic landscapes are included 
such comparisons would be invalid, but to use the model to fur-
ther refine the strengths and limitations of stable water isotopes in 
palaeoaltimetry, in particular the use of oxygen isotopes fractiona-
tion. Similarly, the processes that cause the breakdown of a strong 
elevation – oxygen isotope relationship have been well described 
in various papers (Deng and Ding, 2015; Hoke, 2018; Jing et al., 
2022; Moore et al., 2014; Poage and Chamberlain, 2001; Quade et 
al., 2011; Shen and Poulsen, 2019; Spicer et al., 2021b; Tharammal 
et al., 2017; Valdes et al., 2019; Xiong et al., 2022), so we aim to 
examine the typical uncertainty associated with the technique.
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Fig. 1. Model resolution palaeogeographic reconstruction (land-sea mask, land el-
evation, ocean bathymetry) for the Lutetian (41-48 Ma, average 45 Ma). Contours 
represent bathymetric depth and topographic height (m).

2. Methods

We use the isotope-enabled version of the HadCM3L climate 
model (HadCM3BL-M2.1aD, using the nomenclature in Valdes et 
al., 2017). This model has a horizontal resolution of 3.75

◦ × 2.5
◦

in longitude/latitude respectively, has 19 levels in the atmosphere, 
and has 20 levels in the ocean. As such, it uses a lower resolu-
tion than that of Botsyun et al. (2019) or Shen and Poulsen (2019). 
This means that the model cannot represent well the very fine de-
tails of topography and would therefore not be as good for modern 
scenarios. However, details of ancient topography are not defined 
at high spatial resolution for palaeo reconstructions (and are, af-
ter all, what we are trying to determine), so the lower resolution 
is not a serious limitation. This resolution is sufficient to capture 
major palaeofeatures such as a wide (∼300 km) Central Tibetan 
Valley (e.g. Su et al., 2020; Xiong et al., 2022).

The isotope module is identical to that published in Tindall 
et al. (2010) except for some small changes to the numerical 
scheme to improve model stability. In addition, we change the 
ozone scheme in the model. In the original pre-industrial sim-
ulation of HadCM3BL, the ozone distribution is prescribed as a 
latitude-pressure-time distribution. However, experience (Valdes et 
al., 2021) has shown that for warm climates the tropopause rises 
and stratospheric ozone penetrates into the troposphere, which 
is unphysical. We therefore replace the 3-D ozone distribution 
scheme with a simple dynamic one in which ozone is coupled to 
the model’s tropopause height and use constant values for the tro-
posphere (0.02 ppm), tropopause (0.2 ppm), and stratosphere (5.5 
ppm). This change makes a negligible difference to the global mean 
surface temperature, but does have a small impact on the strato-
spheric temperature (∼ −6 ◦C in the pre-industrial simulation) and 
winds (∼ −8 m/s for the pre-industrial).

We change the model boundary conditions so they are config-
ured for the mid-Eocene, specifically the Lutetian (41-48 Ma). This 
consists of reducing the solar constant by 0.4%, increasing the at-
mospheric CO2 concentration to 840 ppmv (3x pre-industrial) (Fos-
ter et al., 2017), and the baseline palaeogeography to that in Lunt 
et al. (2016). Fig. 1 shows this palaeogeographic reconstruction. 
Other radiatively active gases, aerosols, and orbital parameters are 
unchanged from modern conditions. We refer to this simulation 
as our “control” mid-Eocene condition. Note that in this palaeo-
geography there is a shallow (<50 m) ocean between continental 
India and Eurasia. The width or even existence of such an ocean 
is a topic of considerable debate, particularly following recent doc-
umentation of Eurasian sediments on the Indian plate as early as 
61 Ma (An et al., 2021). Until that discovery, the consensus view 
was that continent-continent collision began at 55±10 Ma (Wang 

et al., 2014) and so this reconstruction is perhaps less contentious 
than a full land connection in the Lutetian.

We also perform four sensitivity simulations with much smaller 
changes to the elevations in Tibet. In the “control” simulation, we 
change these profiles in the following ways:

• Scenario 1 (the “control”): Gangdese mountains are low 
(∼2000 m) and the Qiangtang (Tanggula or Central Watershed) 
range at 4000 m, using unmodified Getech palaeogeography.

• Scenario 2: Gangdese mountains are set at 4500 m high, the 
Qiangtang range at 4000 m, and a valley between them at 
1500 m (e.g. Su et al., 2019).

• Scenario 3: Same as Scenario 2, but the valley is set at 4000 m, 
using a high ‘proto-plateau’ configuration (e.g. Rowley and 
Currie, 2006; Wang et al., 2008).

• Scenario 4: Gangdese mountains are set at 1500 m high, the 
Qiangtang range at 4500 m, and the region between them at 
1500 m (e.g. Molnar, 2005).

• Scenario 5: Gangdese mountains are set at 2000 m high, the 
Qiangtang range at 2000 m, and the region between them at 
2000 m, using a low ‘proto-plateau’ configuration. (e.g. Bot-
syun et al., 2019).

The resulting elevation changes and profiles are shown in Fig. 2.
All simulations were initialised from a previous Lutetian simu-

lation, which had been spun-up without isotope tracking enabled 
for more than 3000 years. All isotope simulations were run for 500 
years, with the last 100 years used to form climatological means. 
This was sufficient for the surface ocean temperature to reach near 
equilibrium, but the deep ocean temperature is still trending. We 
therefore concentrate on the surface ocean (and atmosphere) only.

3. Results - pre-industrial model evaluation

Although the pre-industrial isotope-enabled model has been 
published (Tindall et al., 2009) and generally tested against obser-
vations, previous evaluation studies have not focused on the Asian 
region, and in particular not Tibet. Therefore, in Fig. 3a we show 
a comparison of the GNIP modern observational data ((Global Net-
work of Isotopes in Precipitation (GNIP), 2019), interpolated onto 
the same resolution as HadCM3L) with our pre-industrial simula-
tion (Fig. 3b, c). Overall, the Pre-industrial model performs well 
compared to the GNIP δ18O observations, capturing the generally 
heavier δ18O values to the west and the lighter δ18O values to 
the east. The few observational values over Tibet are also captured 
although those generated by the model are not as low as those 
observed. This may be due to the coarse resolution of HadCM3L, 
which does not capture the high elevations of the Himalaya.

Further confirmation of the performance of the pre-industrial 
HadCM3L simulation is shown in Fig. 4. This shows the seasonal 
cycle of observations and those seen in the model for New-Delhi 
and Lhasa. In both cases, the model and data compare reason-
ably well. For New Delhi, the modelled seasonal cycle is simulating 
the onset of the Indian monsoon approximately one month earlier 
than the observations (May as opposed to mid-June). In reality, 
the onset of the monsoon is highly variable compared to the cli-
matological onset. A similar shift is also seen in precipitation. For 
Lhasa, the modelled amplitude of the cycle is less marked than 
in the observations (potentially due to the lower Himalaya as a 
result of the spatial resolution in the model), but in both cases, 
the annual means are approximately correct. A further explanation 
for the less marked modelled amplitude may be the length of the 
reporting period for the GNIP Lhasa site. In general, the GNIP re-
porting period(s) are in the order of years, and not decades. This 
makes these sites more susceptible to interannual variations in 
weather patterns that can influence the δ18O and δD. For example, 

3
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Fig. 2. Orographic reconstructions for the “control” (left column) and the 4 sensitivity simulations. The central row shows the elevations (at model resolution) for the 
alternative palaeoelevation of Tibet. Contours represent topographic height (m). The bottom row shows the difference between each scenario and scenario 1 (the “control”) 
topographic height (m; contours represent the relative topographic height change). The top row shows a cross-section at 80◦E, illustrating the different behaviours of each 
terrane for each scenario. All plots show the resolution of the input files to the GCM.

Fig. 3. Comparison of GNIP modern observations compared to a pre-industrial simulation of HadCM3L. All results are for the precipitation weighted δ18O annual mean for 
(a) GNIP modern observations, (b) Pre-industrial HadCM3L simulation, sampled at the locations of the observations, and (c) Pre-industrial HadCM3L simulation.

GNIP reporting period for Lhasa was 1986–1992. This period coin-
cided with a strong El Niño (1986-87, 1987-88) and strong La Niña 
event (1988-1989). Cai et al. (2017) had shown a positive isotope-
El Niño Southern Oscillation (ENSO) response. El Niño events lead 
to a positive anomaly on δ18O values and La Niña events lead to a 
negative anomaly on δ18O values. Furthermore, isotopic anomalies 
tend to be amplified during La Niña events compared with El Niño. 
This signal is amplified with increasing height impacting sites like 
Lhasa more than low laying sites like New Delhi (where we show 
better agreement; Fig. 4). The strong La Nina event and high el-
evation may be biasing the Lhasa site to more depleted values. 
Similar strongly negative δ18O values are also shown by (Tian et al., 
2007), who sampled in Lhasa between September 1998-2001, a pe-
riod that also experienced a strong La Niña event (1998-2001). This 

highlights the challenges and need for long-term (several decades) 
reporting of δ18O and δD to allow for more robust comparison and 
evaluation of isotope-enabled climate models.

We then examined the modelled δ18O-based elevation lapse 
rate for the pre-industrial simulation. Ideally, isotope palaeoaltime-
try calculates elevation based on the difference between the δ18O
value at the elevated site minus the δ18O value at a sea-level site 
at the start of a given air parcel journey. In practice, the exact 
source will not be known so normally the difference is taken using 
an average value to the south of the Himalaya. We therefore calcu-
late �(δ18O), where the difference is computed from the average 
δ18O of precipitation over the eastern Arabian sea (10◦N-20◦N, 
60◦E-80◦E), broadly representing the source of summer monsoon 
water to the Tibetan region. In our isotope-enabled General Cir-
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Fig. 4. Seasonal cycle of precipitation weighted δ18O from GNIP observations and pre-industrial model simulations for New Delhi (black lines) and Lhasa (green lines).

Fig. 5. For modern-day conditions, scatter plot of elevation versus June-July-Aug-Sep δ18O in precipitation for all model land points in the domain (blue symbols) 10◦N to 
40◦N, 70◦E-100◦E (green symbols show points from 10◦N to 25◦N). The changes are relative to the mean value of marine precipitation in the Eastern Arabian sea (10◦N-
20◦N, 60◦E-80◦E). Also shown is the theoretical curve for the weighted mean simple Rayleigh fractionation using a range of possible temperatures and relative humidity 
(from Rowley, 2007).

culation Model (GCM), this works out as −5.0� which is similar 
to the −6.0 ± 1.6� used by Rowley and Currie (2006) and the 
observed value for New Delhi (−5.8�).

We then examined the relationship between summer (June-
July-Aug-Sep) precipitation and δ18O values (Fig. 5) of precipita-
tion for all model land points in the domain 10◦N to 40◦N, 70◦E 
to 100◦E (green symbols show points from 10◦N to 25◦N). Also 
shown is the theoretical curve for Rayleigh fractionation using a 
surface temperature of 299 K and relative humidity of 80% (Row-
ley, 2007). Low elevation sites show considerable variability and 
do not follow any clear relationship with elevation. This is not sur-
prising. Most of the low elevation sites are south of the Himalaya 

and simply show the “precipitation amount” effect (Moore et al., 
2014), namely that the oxygen isotopes in meteoric water become 
more depleted the more that it rains. This happens as maritime air 
penetrates the Indian continent (and associated land atmosphere-
surface-vegetation interactions), highlighting how important it is 
to select the baseline depleted in δ18O and δD values near the 
region where ascent begins. With decreasing large-scale stratiform 
rainfall and increasing convective precipitation, the influence of the 
amount effect will decrease.

Further north and below about 3 km elevation, the agreement 
with the simple theoretical curve is relatively good, with an av-
erage scatter of about 800 m between maximum and minimum 

5
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height for any given δ18O value. However, at higher elevations, 
the model simulated δ18O values become biased towards less δ18O
depletion compared to Rayleigh fractionation-based oxygen iso-
tope palaeoaltimetry theory. This bias is consistent with the fact 
that convective precipitation shows less fractionation at higher el-
evation than the large-scale precipitation that is assumed in the 
simple Rayleigh fractionation theory (Rowley, 2007). This arises 
because of differences in ice formation, growth, and melting be-
tween convective and stratiform clouds, resulting in different δ18O
values in meteoric water (Aggarwal et al., 2016). Thus, with de-
creasing concentrations of large-scale (stratiform) and increasing 
concentrations of convective precipitation fractional influences, the 
amount effect will decrease. Observational studies suggest an al-
ternative possibility with the North of the plateau being influenced 
by different moisture source(s) as well as the addition of recycled 
surface waters and sub-cloud evaporation (Bershaw et al., 2012; Li 
and Garzione, 2017; Tian et al., 2007; Yao et al., 2013).

Similarly, the scatter around the black theoretical curve (Fig. 5) 
is likely related to the numerous other assumptions within it. For 
instance, the simple theory (which is based on following a parcel 
of air during ascent over the orography) should be applied to the 
difference between the δ18O values at elevation and the maritime 
source region as well as immediately prior to any ascent. Although 
we could calculate this within the model, it is never possible to 
do this from observations. In all applications of isotope altimetry, 
a generic value is used, frequently based on typical modern val-
ues at sea level or at a single location such as New Delhi. Such 
an assumption is necessarily crude and is likely to produce major 
scatter in the overall relationship. For instance, Fig. 3c shows that 
there can be more than 3� variation at 25◦N on the southern 
flanks of the Himalaya and this would, depending on the precise 
source of the air parcel ascent, change the palaeoelevation estimate 
by more than 1000 m.

Further evaluation of the isotope model for the Pre-industrial 
has been undertaken using a site-specific model-data comparison 
(Table 1). Here, we geo-locate 41 δ18O samples (Bershaw et al., 
2012; Li and Garzione, 2017; Tian et al., 2007; Yao et al., 2013) 
locations through the Tibetan plateau and surrounding regions to 
their equivalent model grid-point location. In general, where to-
pographic height between the model location and the observation 
location are equivalent (within a range of ±750 m) there is agree-
ment in the δ18O signal (e.g. Sites Modoi, Gaize, Hetian, Lanzhou, 
Chengdu; Table 1). However, there are some sites where there 
is a lack of agreement, for example Baidi and Dui, where there 
is a 4.6� and 4.5� difference respectively between the model 
and observations. Both sites are high elevation sites with gener-
ally lower surrounding model topographic heights than reality at 
this resolution. This is potentially biasing the model δ18O towards 
lower values, highlighting the importance of going to higher spa-
tial resolutions that better resolve local topographic features when 
undertaking local comparison.

Unfortunately, it is challenging to make a robust like-for-like 
comparison between the model and observations. This is re-
sult of i) resolution dependencies. Low-resolution (∼100-300 km) 
isotope-enabled climate models have topographies that are not 
representative of local scale features (e.g. mountain tops, small 
basins and deeply incised river valleys) for many observation lo-
cations (see Table 1). ii) There is potential for an emergent an-
thropogenic signal within the observed δ18O values due to high 
altitude regions being more sensitive, which will not be present 
within our Pre-industrial setup. iii) There is significant variabil-
ity in δ18O observations. Tian et al. (2007) show an annualised 
δ18O signal of −12.6�, less than that of Yao et al. (2013) who 
report an annualised δ18O signal of −16.2�. Different studies 
and observation networks will often have different reporting pe-
riods. Some studies can range from several months during the 

summer of one year (even assuming an annualised signal due 
to a monsoonal climate (Tian et al., 2007)) to larger more fo-
cused multi-decadal reporting as part of the GNIP database. This 
means some studies may be reporting a δ18O ‘weather’ signal 
rather than a climatological mean, further complicating compar-
ison between models and observations. A long-term climatological 
study between high-resolution isotope enabled models and obser-
vation stations throughout Tibet covering the same observation 
period with high-frequency sampling throughout the year would 
be highly beneficial for future studies undertaken by both the iso-
tope and modelling communities.

4. Results - mid-Eocene “control” simulation

Overall, the mid-Eocene simulation (scenario 1) is similar to 
that published in Tindall et al. (2010) for the early Eocene ex-
cept that our mid-Eocene model is somewhat cooler due to the 
lower CO2 in our simulations. Nevertheless, our simulation is sig-
nificantly warmer (7.8 ◦C) and wetter (14% increase) than the pre-
industrial. This generally warmer climate results in an intensified 
hydrological cycle with a correspondingly strong increase in evap-
oration.

In the Asia region (Fig. 6), the model simulates a complex 
pattern of change. A palaeo-monsoon (as measured by precipita-
tion seasonality and wind reversal, see Farnsworth et al., 2019) is 
present over the eastern side of the continent. The elevation is rel-
atively low in this region, set at a maximum of 1500 m. Hence 
the centre of the monsoon is not coincident with the main region 
of high elevation of Tibet. By contrast, around Tibet the seasonal-
ity is variable. On the north-western side of the Asian continent, 
the dominant precipitation season is December – January (DJF). 
However, over Tibet itself, the precipitation has much smaller sea-
sonality, with the southern flank exhibiting a slight dominance of 
June – August (JJA) precipitation.

Similarly, the annual mean surface winds (Fig. 6e) show a com-
plicated structure in their seasonality (not shown). In DJF, the flow 
is generally westerly or south-westerly whereas in summer there 
is a difference between the northern and southern flanks of Tibet: 
there are northerlies on the northern side of Tibet, and souther-
lies on the southern flanks. These patterns are also broadly seen 
at lower tropospheric levels (850 hPa), but the winds are relatively 
weak at this level in DJF (at 500 hPa the westerlies are strong).

This complex seasonality in precipitation and winds raises in-
teresting challenges in understanding the selection of the low-level 
source of the moisture precipitation on Tibet. On the southern 
flanks of Tibet, the winds would suggest that the moisture is 
sourced from the south and hence successful application of isotope 
altimetry would imply seeking terrestrial oxygen isotope proxies at 
near-sea level in this region. These values can be estimated from 
the model and are driven strongly by those in the surface of the 
adjacent ocean. The surface ocean temperatures are warm with 
a significant area above 27 ◦C and reaching above 29 ◦C at 20◦N, 
90◦E. This, combined with the downwelling part of the Hadley Cell 
at 20◦N (as shown by the near-zero precipitation) and the strong 
low-level flow, results in a strongly evaporative ocean, high sur-
face salinity (not shown), and a surface ocean enriched in δ18O
and δD (Fig. 6f). This is then reflected in the δ18O values of pre-
cipitation, which are also relatively enriched along the northern 
coast of the shallow seaway between India and Asia. We calcu-
lated the weighted δ18O of precipitation for all land data points 
below 500 m in the region from 70◦E-100◦E, 20◦N-25◦N, resulting 
in a weighted mean average of −3.4� for JJA and −4.7� for the 
annual mean. If we instead assume that in DJF (and in the annual 
mean) the source is more from the west than from the south, then 
the annual mean δ18O values are −4.5�.
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Table 1
Model-data comparison of δ18O values in Tibet and neighbouring regions. D = δ18O observation location. M = δ18O model location.

Data 
source

Station 
name

Latitude 
(◦N)

Longitude 
(◦E)

Altitude 
(m)

Annual δ18O of 
precipitation
(�), VSMOW

JJA δ18O of 
precipitation
(�), VSMOW

DJF δ18O of 
precipitation
(�), VSMOW

Reference

D Nyalam 1 85◦58′E 28◦11′N 3810 -10.7 -15.1 -10.0 Tian et al., 2007
M 82.5E 30N 4692 -9.2 -8.4 -10.8 -

D Lhasa 1 91◦02′E 29◦43′N 3658 -12.6 -17.4 - Tian et al., 2007
M 90E 30N 4883 -11.1 -11.3 -11.9 -

D Shiquanhe 1 80◦06′E 32◦30′N 4280 -14.0 -11.4 - Tian et al., 2007
M 78.75E 32.5N 4481 -9.6 -8.5 -11.3 -

D Gaize 1 84◦03′E 32◦18′N 4420 -13.0 -9.8 -13.9 Tian et al., 2007
M 86.25N 32.5N 5119 -11.4 -10.6 -16.3 -

D JBTB-01 100.0424E 37.1993N 2216 - -7.8 - Bershaw et al., 2012
M 101.25E 37.5N 3176 -9.5 -9.2 -12.6 -

D JBTB-25 97.7523E 33.4954N 3394 - -13.7 - Bershaw et al., 2012
M 97.5E 35.0N 4528 -10.6 -9.8 -17.0 -

D JBTB-29 91.6872 34.4763 3529 - -11.9 - Bershaw et al., 2012
M 90E 35.0N 5303 -10.4 -8.8 -20.4 -

D JBTB-39 96.4192E 32.3663N 3678 - -14.4 - Bershaw et al., 2012
M 97.5E 32.5N 4833 -12.0 -12.0 -13.7 -

D JBTB-46 97.2953E 31.0201N 3175 - -15.4 - Bershaw et al., 2012
M 97.5E 30N 4461 -9.3 11.0 -8.3 -

D Zhangmu 85◦59′E 27◦59′N 2239 - -13.2 - Yao et al., 2013
M 86.25N 27.5N 2482 -8.8 -8.5 -6.9 -

D Nylam 2 85◦58′E 28◦11′N 3810 -12.4 -14.7 -10.8 Yao et al., 2013
M 86.25N 27.5N 2482 -8.8 -8.5 -6.9 -

D Dui 90◦32′E 28◦35′N 5030 -18.6 -19.0 -6.8 Yao et al., 2013
M 90E 27.5N 2843 -8.6 -9.2 -6.6 -

D Dingri 87◦07′E 28◦39′N 4330 -18.1 -18.2 -15.4 Yao et al., 2013
M 86.25E 27.5N 2482 -8.5 -8.8 -6.9 -

D Wnegguo 90◦21′E 28◦54′N 4500 -16.5 -17.6 - Yao et al., 2013
M 90E 27.5N 2843 -8.6 -9.2 -6.6 -

D Larzi 87◦41′E 29◦05′N 4000 -20.3 - - Yao et al., 2013
M 90E 27.5N 2843 -8.6 -9.2 -6.6 -

D Baidi 90◦26′E 29◦07′N 4430 -15.7 -17.1 -17.2 Yao et al., 2013
M 90E 30N 4883 -11.1 -11.3 -11.9 -

D Nuxia 94◦34′E 29◦28′N 2780 - -18.3 - Yao et al., 2013
M 93.75E 30N 4497 -7.8 -9.7 -7.8 -

D Lhasa 2 91◦08′E 29◦42′N 3658 -16.2 -17.3 -11.7 Yao et al., 2013
M 90E 30N 4883 -11.1 -11.3 -11.9 -

D Lulang 94◦44′E 29◦46′N 3327 -14.5 -14.7 -19.1 Yao et al., 2013
M 93.75E 30N 4497 -7.8 -9.7 -7.8 -

D Bomi 95◦46′E 29◦52′N 2737 -11.8 -14.0 -13.3 Yao et al., 2013
M 93.75E 30N 4497 -7.8 -9.7 -7.8 -

D Yangcum 91◦53′E 29◦53′N 3500 -15.9 -18.2 - Yao et al., 2013
M 90E 30N 4883 -11.1 -11.3 -11.9 -

D Nagqu 92◦04′E 31◦29′N 4508 -16.5 -17.0 -17.8 Yao et al., 2013
M 93.75E 32.5N 5036 -11.4 -11.3 -14.0 -

D Gaize 2 84◦04′E 32◦18′N 4430 -12.3 -10.6 -17.4 Yao et al., 2013
M 86.25N 32.5N 5119 -11.4 -10.6 -16.3 -

D Shiquanhe 2 80◦05′E 32◦30′N 4278 -14.4 -14.3 -18.8 Yao et al., 2013
M 78.75E 32.5N 4481 -9.6 -8.5 -11.3 -

D Yushu 97◦01′E 33◦01′N 3682 -13.1 -13.2 -15.7 Yao et al., 2013
M 97.5E 35.0N 4528 -10.6 -9.8 -17.0 -

D Tuotuohe 92◦26′E 34◦13′N 4533 -11.9 -10.9 -21.6 Yao et al., 2013
M 93.75E 35.0N 4787 -10.5 -9.5 -14.8 -

D Kabul 69◦05′E 34◦40′N 1860 -7.2 0.4 -10.5 Yao et al., 2013
M 67.5N 35.0N 2709 -9.2 -5.0 -10.2 -

(continued on next page)
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Table 1 (continued)

Data 
source

Station 
name

Latitude 
(◦N)

Longitude 
(◦E)

Altitude 
(m)

Annual δ18O of 
precipitation
(�), VSMOW

JJA δ18O of 
precipitation
(�), VSMOW

DJF δ18O of 
precipitation
(�), VSMOW

Reference

D Lanzhou 1 103◦51′E 36◦03′N 1517 -5.6 -4.6 -13.0 Yao et al., 2013
M 105.0E 35.0N 2096 -7.8 -8.5 -7.6 -

D Hetian 79◦34′E 37◦05′N 1375 -5.5 -2.2 -17.8 Yao et al., 2013
M 78.75E 37.5N 2211 -7.8 -6.3 -15.4 -

D Delingha 97◦22′E 37◦22′N 2981 -7.7 -6.3 -19.9 Yao et al., 2013
M 97.5E 37.5N 3976 -11.6 -9.1 -19.5 -

D Taxkorgen 75◦16′E 37◦46′N 3100 -6.8 -3.1 -21.0 Yao et al., 2013
M 75.0E 37.5N 4156 -12.3 -7.4 -17.5 -

D Zhangye 1 100◦26′E 38◦56′N 1483 -6.0 -4.3 -18.7 Yao et al., 2013
M 101.25E 37.5N 3176 -9.5 -9.2 -12.6 -

D Urumqi 87◦36′E 43◦48′N 918 -10.8 -6.3 -20.6 Yao et al., 2013
M 86.25N 42.5N 2083 -11.7 -7.6 -19.9 -

D Modoi 98.26E 34.92N 4300 -12.2 - - Li and Garzione, 2017
M 97.5E 35.0N 4528 -10.6 -9.8 -17.0 -

D Wolong 102.97E 30.86N 2805 -11.7 - - Li and Garzione, 2017
M 101.25E 30N 3593 -8.8 -10.7 -3.6 -

D Lanzhou 2 103.85E 36.05N 1517 -7.1 - - Li and Garzione, 2017
M 105.0E 35.0N 2096 -7.8 -8.5 -7.6 -

D Lanzhou 2 103.85E 36.05N 1517 -7.1 - - Li and Garzione, 2017
M 105.0E 35.0N 2096 -7.8 -8.5 -7.6 -

D Dui 90.53E 28.58N 5030 -18.6 - - Li and Garzione, 2017
M 90E 30N 4883 -11.1 -11.3 -11.9 -

D Zhangye 2 100◦26′E 38◦56′N 1483 -6.6 - - Li and Garzione, 2017
M 101.25E 37.5N 3176 -9.5 -9.2 -12.6 -

D Xining 101.77E 36.62N 2261 -6.8 - - Li and Garzione, 2017
M 101.25E 37.5N 3176 -9.5 -9.2 -12.6 -

D Chengdu 104.02E 30.67N 506 -7.1 - - Li and Garzione, 2017
M 105.0E 30N 557 -7.2 -9.6 -1.8 -

Fig. 6. Simulation results for scenario 1 (the “control”) for the annual mean, showing (a) Surface Air Temperature (in ◦C), (b) Total Precipitation (in mm/day), (c) δ18O values 
of precipitation (in �), (d) Sea Surface Temperature (in ◦C), (e) Surface (10 m) wind strengths and directions (in m/s with the inset showing the length of the 5 m/s vector), 
and (f) Sea surface δ18O values (in �).
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Fig. 7. For the mid-Eocene, scatter plot of elevation versus (a) Annual mean, and (b) June-July-August δ18O in precipitation for all model land points (blue symbols) in the 
domain 20◦N to 45◦N, 70◦E-100◦E (green symbols show points from 10◦N to 35◦N). The changes are relative to the estimated mean value of the source region (see text). 
Also shown is the theoretical curve for the weighted mean simple Rayleigh fractionation using a range of possible temperatures and relative humidity (from Rowley (2007)) 
for the modern (solid line), and the early Eocene (dashed line).

For the following discussion, we selected the southern source 
value for JJA and the western source value for annual means. For 
the northern flanks of Tibet, a similar situation applies with the 
exception of some offsets, such as in the ocean to the northwest 
of Tibet, the δ18O of surface ocean water is generally considerably 
reduced in relation to that to the south (Fig. 6f). However, in our 
palaeogeographic reconstruction, there is an enclosed seaway (two 
ocean grid boxes) where there is no flow to the Para-Tethys. The 
ocean δ18O values in this enclosed seaway are high (enriched), and 
this is also reflected in high isotopic values for the precipitation 
in this region. This potentially has an impact on the δ18O of the 
source region. We calculated the weighted δ18O of precipitation for 
all land points below 500 m in the region 70◦E-100◦E, 40◦N-45◦N, 
which yielded values of −2.0� and −7.7� for JJA and Annual 
means respectively. However, if we assume that the source is from 
the west, the values are −2.5� and −6.9� respectively.

We then selected the northern source value for JJA and the 
western source value for annual means. Fig. 7 uses these source 
region values to calculate the δ18O lapse rate for JJA and annual 
means for data to the south of 25◦N (defined as the southern flank 
of the Himalaya) and those north of 25◦N. Also shown are sim-
ple Rayleigh fractionation lapse rate curves using typical modern 
temperatures (299 K) and relative humidity (80%) and the same 
for the warmer conditions for the mid-Eocene (Rowley, 2007). For 
JJA (Fig. 7b), the results from modelling and Rayleigh fractiona-
tion show remarkable consistency. Both the northern and southern 
flanks of the Himalaya follow the simple theory with relatively lit-
tle scatter. This implies that oxygen isotope palaeoaltimetry would 
work remarkably well in southern Tibet if, and only if, it was 
possible to accurately estimate from the proxy record JJA δ18O of 
precipitation for both the elevated site and the appropriate source 
region.

If we more realistically (given that the precipitation is not 
strongly seasonal) assume that proxy estimates reflect the annual 
mean conditions, then there are still encouraging results (Fig. 7a). 
Again, both the northern and southern sides of Tibet approximate 
the theoretical curve, although with more scatter. Both show a 
bias towards lower δ18O values, indicating that our estimate of the 
source region δ18O values were too low (depleted) by about 3�, 

but this is well within the range of modern values seen in the re-
gion.

A full analysis of the source region would require an analysis 
at every grid point of the trajectory of air parcels at the time of 
precipitation. This would be possible within the model but would 
never be useable in a true palaeoclimate setting, and thus estimat-
ing the true source region will always be approximate and hence 
introduces a typical error of 3-4�. This source of uncertainty 
alone equates to more than 1000 m range in elevation estimates. 
New methods and techniques to identify the source values will be 
imperative to increasing precision in isotope fractionation based 
paleoaltimetry studies.

5. Results - sensitivity analysis

The discussion above (Section 4) has focussed on estimating 
the overall palaeoelevation of the Tibetan region. We are also in-
terested to examine whether oxygen isotope palaeoaltimetry can 
estimate smaller changes such as the presence of a valley system 
(Su et al., 2019) or the rise of one particular part of what is now 
the plateau. This is important given that Tibet is composed of sev-
eral accreted terranes, each with its own elevation history (Rowley 
and Currie, 2006; Spicer et al., 2021b; Xiong et al., 2020).

To investigate this, we conducted four further simulations (see 
Methods) where we changed different parts of Tibetan surface 
height. We have focused on western Asia to emphasise the di-
rect response of the model to the changed orography. Fig. 8 shows 
the changes in orography, annual mean precipitation, and annual 
mean δ18O in precipitation for the four different scenarios relative 
to the “control” (scenario 1) orography. For the total precipitation, 
there are also some small statistically significant changes beyond 
the local region caused by changes to the atmospheric (and ocean) 
circulation. However, this is not the subject of the analysis and will 
not be discussed further here. For δ18O, the statistically significant 
changes are exclusively focused on the selected region.

Scenario 4 is the simplest change to the control orography, con-
stituting an increase in elevation to the north and a decrease to 
the south. The response of precipitation and δ18O is also straight-
forward. The changes in elevation produce enhanced orographic 
precipitation on the northern side of Tibet and reduced precipita-
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Fig. 8. Results for the four sensitivity simulations are described in the methods section. The top row shows the changes in surface elevation, relative to the “control” simulation 
(scenario 1). The middle row shows the changes in annual mean precipitation (in mm/day) and the lower row shows the corresponding changes in δ18O in precipitation (in �). The left column shows scenario 2, and successively for the other scenarios. The region shown is focused on the area of elevation change in order to better visualise the 
changes.

tion to the south. The same pattern applies in all four seasons (not 
shown), but the largest increase on the northern side occurs in 
winter whereas the greatest decrease to the south occurs in sum-
mer.

The δ18O signal follows a similar pattern in the annual mean 
precipitation with a decrease over the higher elevations and an in-
crease over the lower elevation relative to scenario 1. Inspection of 
the seasonal δ18O signals (not shown) reveals that the pattern of 
change is consistent throughout the year, but the biggest changes 
occur in the winter season for both north and south changes. 
These changes map well onto palaeoaltimetry theory, and a plot 
of change in height versus change in δ18O (Fig. 9) shows the aver-
age slope for this simulation is −489 m/� with a standard error 
of the slope of 40 m/�, similar to what Quade et al. (2011) esti-
mated along the modern Himalaya front (−2.8�/1000 m).

Scenario 2 has the Gangdese mountains further south than the 
control at about 4500 m high, and the Qiangtang mountains at 
4000 m. In between the mountains is a valley system with a floor 
set at 1500 m. The precipitation response to these changes is very 
similar to scenario 4. There is an increase in orographic precipi-

tation to the north and a decrease to the south. There is a hint 
of a further increase at the southern margin, but in the annual 
mean it is small. Further inspection of the seasonal changes (not 
shown) reveals that in winter the Qiangtang mountains are ef-
fectively blocking the flow of moisture to the south and hence 
there is a very widespread drying across the whole region south 
of the Qiangtang. In the summer months (JJA), there is airflow 
from the south and hence there is a noticeable increase in precip-
itation along the southern flanks of the Gangdese and a decrease 
further north. The valley system between the mountains experi-
ences a decrease in precipitation throughout the year. Effectively, 
the valley is always in the rain shadow of either the Gangdese or 
Qiangtang mountains, and hence the decrease in precipitation over 
the valley system is much greater than either of the increases to 
the North or South. However, the valley bottom will still be fed 
from water drainage from precipitation higher up on the flanks of 
the Gangdese and Qiangtang.

The δ18O values show similar trends to the precipitation trends, 
but the relative magnitudes of the high-low-high pattern is differ-
ent. The inclusion of the valley has an appreciable impact on the 
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Fig. 9. Shows the relationship between the model changes in surface elevation and 
the change in the annual mean δ18O of the precipitation. This is for all land points 
where the elevation has changed in the region 65◦E-100◦E, 25◦N-50◦N. The sym-
bols show each individual grid point and the lines show the best-fit regression line.

climate of central Tibet with a marked drying (Fig. 8). However, the 
variation for δ18O signal in the valley is much weaker than either 
of the signals to North or South. The δ18O values become depleted
as the meteoric water in the source air rises up a mountain slope 
but remains constant once it has reached a maximum depletion. 
The δ18O value of precipitation decreases, but once the air reaches 
the summit, any further change is minimal. Thus, in winter, the 
largest changes are to the North; the precipitation becomes more 
isotopically depleted but once the air reaches the summit, there 
is little further depletion. Similarly, in the summer, the same pro-
cess operates but with more source air rising from the South. Thus, 
the resulting annual mean signal better represents the increases in 
orography of the bounding mountain ranges but underrepresents 
the presence of the low valley between them. This phenomenon 
can result in a ‘phantom’ plateau where within-valley isotope sig-
natures reflect the crest heights of the bounding mountain systems 
and not the elevation of the valley floor (Spicer et al., 2021b).

Examining the height versus δ18O signal (Fig. 9) shows that the 
isotope lapse rate is relatively similar to scenario 4 (slope = −500 
m/�), but that the standard error is larger (55 m/�). Examina-
tion of the underlying scatter plots shows that data points within 
the valley system (the region which experiences negative height 
changes compared to the “control”, scenario 1) are consistently 
below the regression line, reinforcing the message that the δ18O
value is lower than expected for the actual elevation.

Given these two sensitivity studies (2 & 4), the results for the 
other two scenarios follow a broadly similar story. Scenario 3 is 
like scenario 2 but the valley system is no longer present. The 
corresponding precipitation signal is similar to scenario 2, namely 
the higher mountains to the north and south have enhanced pre-
cipitation on their windward sides but, in between, the system is 
permanently in a rain-shadow and hence rainfall is decreased. The 
δ18O signal in scenario 3 is also near-identical to scenario 2, fur-
ther emphasising that the isotope palaeoaltimetry is not able to 
resolve topographic detail within an otherwise high terrane. The 
slope and standard error are −375 m/� and 29 m/�, respectively, 
in the valley system. The reduced value is largely because there are 

considerably fewer points that correspond to lower elevations and 
hence the best-fit regression line is not being influenced by pres-
ence of the valley system.

Finally, scenario 5 consists of a flatter, low plateau orography. 
Surface elevations are near-constant at 2000 m from 25◦N to 40◦N. 
Compared to scenario 1, this implies an increase in the height of 
the central region of Tibet while there is a decrease in the south 
(Fig. 8; top row). This then still results in a tri-pole pattern of pre-
cipitation and the δ18O values change, but with slightly smaller 
amplitudes for the peaks and troughs. The slope and standard er-
ror are −447 m/� and 59 m/� respectively. The reduction in 
maximum heights to the north and south means that the central 
plateau does not experience as strong a rain shadow, but overall 
the patterns are the same.

6. Conclusions

Most previous isotope-enabled modelling studies examining Ti-
betan Plateau formation and palaeoaltimetry have used present-
day boundary conditions to perform simulations. Our study has 
focussed on simulations using more realistic mid-Eocene bound-
ary conditions and a suite of possible orographies for what is now 
the Tibetan plateau region. The results have broadly shown that 
the isotope system does follow the simple Rayleigh fractionation 
curves of Rowley (2007), Rowley and Currie (2006), DeCelles et 
al. (2007), etc., especially in southern Tibet, but with considerable 
scatter around the line (with typical errors up to 1000 m) and even 
larger scatter at lower elevations.

We find:

• Accuracy in following the simple Rayleigh fractionation curves 
is improved when picking an appropriate mean sea level 
source of meteoric water and its δ18O values. Depending on 
the airflow direction and season of maximum precipitation, 
there can be more than a 3� difference, which equates to 
more than 1000 m change in a palaeoelevation estimates 
(similar to that of using inappropriate dry-bulb lapse rates 
(Farnsworth et al., 2021)). Failure to do so may have led to 
previous studies quoting inaccurate elevations and/or underes-
timating uncertainty.

• There is a strong correlation between elevation change and 
δ18O changes against single mountain barriers with a prevail-
ing wind system, with the expected exception that the method 
cannot resolve valley systems within otherwise high orogra-
phy. This means Tibet will always appear as a plateau irre-
spective of the true topographic complexity.

• Small changes in elevation have also been shown to accu-
rately follow Rayleigh fractionation curves. This is because 
small changes in elevation do not cause major changes to the 
circulation or humidity fields, with the response being simply 
isotopic depletion as the air parcel rises over the topography.

• Due to the importance that palaeo-specific boundary condi-
tions play in ocean and atmospheric circulation, it is inappro-
priate to use models with modern/highly dissimilar boundary 
conditions to the time period being investigated.

• Our study has not considered other sources of uncertainties. 
Our palaeogeographic reconstructions do not include any lakes 
within the Tibet region so there is no recycling of lacustrine 
moisture, with the exception of soil evaporation. However, the 
isotopic composition of such lakes would likely resemble the 
overall isotopic signal, rather than fundamentally modifying it. 
We have also not included any analysis of potential issues as-
sociated with the correlation between δ18O of precipitation 
and the δ18O of the carbonate from which isotopic signals are 
extracted. Both can lead to significant further sources of error 
and uncertainty (Xiong et al., 2022).
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• It is also unclear how model-dependent these results are. 
Future work incorporating a more detailed intercomparison 
of other isotope-enabled palaeoclimate models (e.g. CESMi) 
would help evaluate this uncertainty.

• Additionally, it is unknown how much influence spatial reso-
lution of specific topographic features, such as a narrow valley 
sandwiched between two high mountains, has on the isotopic 
signature. We have shown even at this course model resolu-
tion climate, in particular the hydrological regime of central 
Tibet, is modified by the inclusion of a deep E-W aligned 
valley ∼300 km wide in a N-S direction, yet despite the 
large size of the valley the isotopic signature does not re-
flect its presence. Employing a high spatial resolution isotope-
enabled model (perhaps even approaching convective permit-
ting scales) should be a focus of future work to explicitly de-
termine the influence of model resolution on oxygen isotopes 
in complex terranes.

• Lastly, there is another source of uncertainty arising as a re-
sult of the global paleogeography chosen. Other mid-Eocene 
paleogeographies (with a similar inclusion of a dual mountain 
and wide central Tibetan valley; Scenario 2) may lead to dif-
ferences in ocean and atmospheric circulation. This may also 
lead to changes in the mean sea level source of meteoric wa-
ter and its δ18O value, as well as its advection into Tibet.

Overall, we conclude that stable isotope water palaeoaltimetry 
is a potentially powerful tool for estimating past changes in sur-
face elevation, but the errors associated with this method have 
been underestimated. These uncertainties can be reduced if used 
in conjunction with climate models that can better quantify both 
the source origin and the low elevation δ18O. Despite these large 
errors, the method works surprisingly well except it cannot resolve 
valley systems within an otherwise high topography.
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