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Does elevation-dependent warming hold true above 5000m
elevation? Lessons from the Tibetan Plateau
Yanhong Gao 1, Fei Chen2,3, Dennis P. Lettenmaier4, Jianwei Xu1, Linhong Xiao1 and Xia Li1

Available observations below 5000m altitude suggest that some mountain regions are undergoing accelerated elevation-
dependent warming (EDW) in response to global or regional climate change. We address the question of whether EDW exists above
5000m altitude, which is the elevation of much of the mountainous portion of the Tibetan Plateau, and headwaters to most of
Asia’s major rivers. We analyzed four data sources: in situ observations, gridded observations, ERA-Interim reanalysis, and Weather
Research and Forecasting (WRF) regional climate model output over the portion of the Tibetan Plateau above 5000m elevation. We
also analyzed the relative contributions of changes in water vapor, diabatic heating, snow, and surface energy changes to EDW in
WRF simulations and ERA-Interim. Gridded observations over the Tibetan Plateau show EDW below 5000m, in apparent consistency
with studies elsewhere. However, the gridded observations above 5000 m are essentially entirely extrapolated from lower
elevations. Despite differences in details, neither ERA-Interim nor WRF indicate EDW above 5000m. The WRF simulation produces
more realistic temperature profiles at elevations where observations exist, which are also consistent with the simulated profiles of
factors contributing to vertical heating. Furthermore, WRF projects no EDW above 5000m in future climate projections (with CCSM4
boundary conditions) for RCP 4.5 and 8.5 global emission scenarios. Therefore, we conclude that EDW above 5000m over the
Tibetan Plateau is not occurring, nor is it likely to occur in future decades.
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INTRODUCTION
Observations and modeling efforts for several mountain regions in
the world indicate that greater surface warming occurs at higher
altitudes.1–7 Rangwala and Miller8 examined elevation-dependent
warming (EDW) over four mountain regions: the Swiss Alps, the
Colorado Rocky Mountains, the Tibetan Plateau/Himalayas, and
the Tropical Andes. They found that the available observations
suggest that some mountain regions may be experiencing higher
warming rates at seasonal time scales.
With mountain-peak elevations exceeding 8000m, the Tibetan

Plateau (TP) is an ideal place to examine mountainous EDW. Based
on observations obtained from China Meteorological Administra-
tion (CMA) stations, a clear signal of EDW below 5000m has been
reported in recent decades over the TP.1–3,9 Twenty-seven Global
Climate Models (GCMs) in the Coupled Model Intercomparison
Project phase 5 (CMIP5) also show increased rates of warming at
high elevations in the Tibetan Plateau/Himalaya region in the
twentieth century.10–12 This phenomenon is projected to accel-
erate by the end of the twenty-first century under a high
greenhouse gas emissions scenario.
In situ observations are typically considered to be ground truth

in EDW analyses. However, the highest elevation in situ observa-
tions used in the EDW literature are about 5000m (Table 1 in ref.8)
—much lower than the elevation of the highest peak in Tibet
(8848m). Hence, whether EDW will affect the signature of climate
change above 5000m altitude remains largely uncertain. Regions
above 5000m altitude cover only 1/2000 of the global terrestrial

land area; however, about one-third of terrestrial average runoff
originates in these areas. In fact, the glacier and snow meltwater
from high elevations in the Tibetan Plateau/Himalaya region feed
the headwaters of nine of Asia’s major rivers including the
Yangtze, Huang He (Yellow), Indus, Ganges, Brahmaputra,
Irrawaddy, Salween, and Mekong Rivers. The headwaters of these
rivers are all located above 5000m and provide, in part or whole,
the water source for approximately 10% of the world’s popula-
tion.13 Lacking adequate observations, it is a challenge to assess
whether these high-mountain headwater areas have warmed at a
higher rate than the rest of the regional land surface. This has
motivated the Mountain Research Initiative EDW working Group14

to call for urgent attention to investigate potentially important
changes in high-mountain environments in the global observa-
tional network.
In addition to in situ observations, studies of EDW have also

employed gridded data interpolated from in situ station observa-
tions, data observed from satellites, atmospheric reanalyses, and
global climate models. These data provide some information
about EDW above 5000m, but all have limitations.14 For instance,
gridded observations are generated using extrapolation of lower
elevation in situ records. Satellite-based estimates have limited
record lengths and often perform poorly at high altitudes;2,10,14–16

reanalysis data are not homogenized for climate trend analysis;
and global climate models generally have poor spatial resolutions.
Dynamical downscaling can bridge these gaps by providing
continuous high-resolution information useful for high-elevation
complex-terrain regions.9,17,18 To address limitations arising from
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the sparseness of in situ stations in under-sampled high-altitude
regions, the Mountain Research Initiative EDW working Group
suggests the use of dynamically downscaling GCM simulations.14

Motivated by the paucity of high-elevation observations, this is
the primary approach we used here.9

RESULTS
We analyzed warming rates over recent decades derived from four
data sources: in situ observation, gridded observations,19 ERA-
Interim reanalysis,20 and dynamical downscaling9 of ERA-Interim
using the Weather Research and Forecasting (WRF) model (see
details in Data and Methods). Figure 1 shows the warming rates as
a function of elevation divided into 500m altitudinal bands
starting from 2000 m. We found large discrepancies between
inferred EDW among the different datasets. For instance, station
records suggest EDW except for the elevations between
2000–3000 m and 4500–5000m, while the gridded observations
suggest a general EDW trend that does not agree with the station
records for the elevations between 2000 and 3000m. ERA-Interim
shows a lower warming rate than the observations, agreeing with
the gridded observation curve below 4000m, but shows no EDW
over Tibet above 4500 m. Following the EDW trend in the ERA-
Interim boundary conditions, the results from WRF dynamical
downscaling results do not show an EDW trend in the
2500–3500 m elevation range. However, in general the variations
of warming in WRF as a function of elevation are more similar to
gridded observations than to ERA-Interim itself.
More importantly, substantial differences in the warming rate

derived from the gridded observations, ERA-Interim, and WRF are
present above 5000m. Gridded observations show a slight
increasing trend above 5000m, but both ERA-Interim and WRF
show no continuous EDW above 5000 m. Furthermore, a
continuous warming in the gridded observations above 5000m
is largely a result of extrapolation from lower elevation surface-
station data. Interpolation is meaningful when there are measure-
ment records that more or less span the range of elevations.
However, the gridded observations, lacking station data above
5000m, simply extrapolate observations from lower elevations.
We believe therefore that apparent evidence of EDW above
5000m based on gridded observations is spurious and misleading.

In contrast, WRF output shows a decreasing warming rate above
5000m, and ERA-Interim shows no EDW.
We focus first on the differences between station and gridded

observations. Figure 2a shows a histogram of elevation in 500m
increments and the hypsometric curve for the Tibetan Plateau
above 2000m elevation based on the 0.5-degree spatial resolution
gridded observations and station observations. There is a
substantial difference between the topographic and station
distributions: 60% of the grid cells have elevations between
4000 and 5000 m, but the majority of stations have elevations
between 2000 and 4000m, and only one station is in the
4500–5000 m elevation interval.
Figure 2b shows that stations between elevations 2000–3000 m

are mostly scattered at the southeastern edge of Tibet in an area
with steep terrain. All observation sites in these areas are located
in valleys for the sake of accessibility and security of the
equipment given the harsh environments and relief of the
topography. To account for this bias in representation of
elevations, the gridded surface air temperature was adjusted, by
considering elevation differences between stations and smoothed
grid cells, with a lapse rate that was estimated by a regression of
the elevation and temperature at the stations.19 Despite this, grid
cells with 2000–3000 m elevations in the gridded dataset are
actually located at the Chaidam basin (pentagons in Fig. 2b) rather
than the southeastern edge of Tibet as a result of the smoothed
topography resulting from the coarse 0.5-degree horizontal
resolution used in the gridded observations.
Having established that there are no observations above

5000m and the extrapolation beyond 5000m in the gridded
data likely is not reliable, we now focus on analyzing the physical
processes that may contribute to differences in EDW between
dynamical downscaling (WRF) and ERA-Interim below and above
5000m. Physical processes, including snow-albedo feedback,
changes in clouds and cloud properties, sensitivity of downward
longwave radiation to specific humidity, and outgoing longwave
radiation sensitivity to surface temperature, aerosols, and black
carbon, have been identified as contributors to mountain
EDW.8,14,21–23 However, the interactions among those processes
are complex and sometimes compensating.
Figure 3 shows linear trends in tropospheric water vapor and

diabatic heating release averaged over three pressure levels (300,
400, and 500 hPa), snow-water equivalent (SWE), snowfall (Snow),
and precipitation (Prec) vs. elevation bands with 500m width for
ERA-Interim and WRF simulations for 1983–2011. As for the
specific humidity contribution, Fig. 3a shows that both ERA-
Interim and WRF exhibit maximum intensified moisture at 5000m,
which partly explains the maximum EDW at 5000m in the WRF
results,14,21–23 but does not explain the maximum EDW at 3000 m
in ERA-Interim. Although warming is not proportional to
intensified moisture due to the non-linear relationship between
specific humidity and downwelling longwave radiation, the EDW
in WRF below 5000 m is consistent with its moisture variations and
arguably is more realistic than that in ERA-Interim. Moreover, Fig.
3b shows that WRF predicts an enhanced diabatic heating release
starting from 3500 m with a maximum at 5000m, which again is
consistent with its EDW vertical profile. There is no diabatic
heating output in ERA-Interim. Usually, the diabatic heating is
closely correlated with water vapor as the WRF results show.
Therefore, we infer that the diabatic heating in ERA-interim shows
a similar profile with water vapor, which does not explain the EDW
in ERA-Interim.
We consider the snow-albedo feedback to be the dominant

influence based on previous studies (such as 8) that show its effect
in mountainous regions with snowpack wherever the snowline is
receding. Results from ERA-Interim and WRF are self-consistent
regarding the snow-albedo feedback mechanism. Over Tibet, tree
lines are located around 4000–4300m with alpine meadows
above the tree line but below 5000m.24 Above 5000m, glacier

Fig. 1 Observed and simulated mean (lines) and median (stars)
surface air temperature linear trends for 1983–2011 vs. elevation
bands with 500m width. Spread is indicated with 25 and 75%
percentiles in shades
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and snow cover much of the bare ground most of the year. The
thickness and stability of the glaciers and snowpack increase with
elevation and lower surface air temperature. Stable snowpacks
exist above about 6000m.24 In the vicinity of 5000m elevation,
the surface cover transitions from a mix of alpine meadows and
seasonal snow cover to a mix of bare ground covered with glaciers
and snowpack, leading to an increased surface albedo relative to
the lower elevation transition zone. As the climate warms, Fig. 3c
shows an increased snowpack melt in WRF at low elevations,
especially below 5000m where there is mixed vegetation, leading
to lower albedo. Above 5000m, increased snowfall in a warmer
climate (Fig. 3d) partially compensates for increased snowmelt
and as a result there is little change in albedo. Reduced surface
albedo below 5000m results in greater absorption of downward
solar radiation at the surface and further enhances the warming
and snow melt, accelerating the positive feedback between
snowmelt and surface warming. Hence, a maximum SWE
reduction occurs around the elevation of about 5000m (Fig. 3c).
In contrast to the WRF results, ERA-Interim does not produce
enhanced SWE reduction over Tibet, and has no EDW above
3000m.
Besides melting, snowpack reduction could result from

sublimation or snowfall decreases. However, neither WRF nor
ERA-Interim show evidence of increased surface wind speed,
hence no tendency for increased snow sublimation. Therefore, the
snowpack reduction is mainly driven by increased net radiation as
a result of lower albedo, which we discuss further below. ERA-
Interim and WRF both produce increased precipitation from
2500m up to 6000m with a maximum increase around 5000 m
(Fig. 3e), suggesting a general wetting trend over Tibet, consistent
with previous reports.25–27 However, such an increase in
precipitation does not translate into a proportional increase in
snowfall. For instance, the negative snowfall linear trends below
4500m in ERA-Interim and WRF result from less snowfall being
partitioned from total precipitation as a response to warming.28

Above 4500m, snowfall in ERA-Interim continues to decrease due
to its coarse resolution, smoothed topography, and deficiency in
the underlying model’s representation of snow processes.29

However, WRF simulates increased snowfall as a result of more
precipitation at higher elevation and air temperature below the
freezing point. This result is largely consistent with WRF
simulations in the Colorado headwaters.18 Therefore, the elevated
warming rather than sublimation or reduced snowfall seems to be
the key factor for SWE reductions above 4000 m.11

To further illustrate the snow-albedo feedback contribution to
warming rate in WRF and ERA-Interim above 5000m, Fig. 4
compares spatial distributions of warming rates, SWE linear trends,

surface latent heat flux changes, sensible heat flux changes, and
surface net radiation changes for both WRF (left) and ERA-Interim
(right). In the left panels, the WRF simulation shows the highest
warming rate over the Tanggula ranges (Fig. 4a). Even though the
Himalaya and Kalakunlun ranges in the southwest and northwest
have higher peak elevations, the warming rates for these two
mountain ranges are less than those for the Tanggula range with
average elevation (around 5000m at 0.5-degree horizontal
resolution). This warming pattern is consistent with the observed
SWE-change patterns (Fig. 4b) and glacier-change patterns over
Tibet: a more substantial retreat in Tanggula which has a lower
elevation and relatively higher temperatures, whereas glacier
extents have increased in the Kalakunlun ranges with higher
elevations and colder temperatures.30,31 Furthermore, our com-
puted changes in net radiation and sensible and latent heat fluxes
(Fig. 4c–e) are consistent with the contrasting warming signals
and SWE reduction between the Kalakunlun and Tanggula ranges.
A large part of the increased net radiation is partitioned into
sensible heat over the Tanggula ranges, but into latent heat flux
over the Kalakunlun ranges. Higher sensible heat flux over the
Tanggula range as compared with the Kalakunlun Mountains (Fig.
4d) helps raise the surface air temperature in spring, resulting in
more melting of snowpack and glaciers at 5000m than above
(Figs. 4b and 3c).
On the other hand, in the right panels of Fig. 4, ERA-Interim

shows smaller SWE decreases compared to WRF (Fig. 4g). SWE
reductions in ERA-Interim occur in the west of the Kalakunlun
range, but there are increases in the Tanggula range. Larger SWE
reductions in the Kalakunlun range cause decreases in the surface
latent heat fluxes and increases in the sensible heat fluxes. In
contrast, positive trends in latent heat fluxes and negative trends
in sensible heat fluxes are found in the Tanggula range. ERA-
Interim shows more or less uniform depressions in surface net
radiation fluxes (Fig. 4j) above 5000m (in contrast to increases in
WRF), leading to no EDW (Fig. 4f).
Finally, we also explored future changes in EDW using WRF

downscaled projections using boundary conditions from CCSM4.
In these projections, surface air temperature increases 1.0–1.5 °C in
the near future (2016–2035) under Representative Concentration
Pathway (RCP) scenarios 4.5 and 8.5.32 Our results show the
greatest warming at 5000m, which is the same as the elevation of
the maximum in the past period (Fig. 5). CCSM4 also shows an
EDW with warming of 1.0–1.2 °C in the near future (2016–2035)
with a similar warming profile at a maximum of 5000–5500m. By
the end of this century (2080–2100), warming increases 2–3 times
when compared with the near future, especially under RCP 8.5.
Consistent with the historical and near future periods, WRF

Fig. 2 a Histogram of elevation in 500m interval and hypsometric curve for the Tibetan Plateau (over 2000m) based on the 0.5-degree
resolution elevation and observation stations. Solid lines represent the number and the percentage of cells/stations below a given threshold.
b Topography of 0.5-degree resolution grid cells over the TP (shades) and locations of stations and grid cells with elevations at 2000–3000m:
stations in dots and grid cells in pentagons
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projects EDW below 5000m and reverses above. CCSM4 projects
less warming than WRF and with no apparent EDW. In summary,
we do not find evidence of EDW above 5000 m occurring in either
future WRF projections (RCP 4.5 and 8.5) or in the underlying
CCSM4 simulation by the end of this century. The reason for the
lack of EDW in future projections is unclear (one might expect
EDW as temperatures rise due to reduced snow cover, and snow-
albedo feedback as discussed above), and needs to be explored in
future work. One possible explanation might be differential
current-climate temperature simulations between the WRF and

CCSM4 runs and observations. CCSM4 underestimates surface air
temperature by 2–6 °C (relatively uniformly with elevation); WRF
simulates a more elevation-dependent temperature and exhibits
colder temperature above 5000m than CCSM4 because of more
aggressive representation of elevation variations. Hence, the 2–4 °
C future warming may not be sufficient to shift the current
maximum snow-albedo feedback at around 5000m to higher
elevations in the future projections. Given that there are no
stations above 5000m and the WRF simulations are closer to
observations (than CCSM4) below 5000m where there are

Fig. 3 Mean (lines) and median (stars) linear trends of simulated anneal mean a vertical averaged tropospheric water vapor, b vertical
averaged tropospheric diabatic heating releasing, c snow-water equivalent, d snowfall, e precipitation, and f albedo in April vs. elevation
bands with 500m width for ERA-Interim and WRF simulation in 1983–2011. Spread is indicated with 25 and 75% percentiles in shades
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observations, we are inclined to place more stock in the WRF
simulations.

DISCUSSION
We analyzed four datasets to evaluate EDW above 5000 m over
the Tibetan Plateau, where observation stations are essentially
nonexistent. Our main findings are:

1. In situ stations show EDW below 5000m over the period
1983–2011. Gridded observations generally follow the in situ
records below 5000m where most of the stations lie. ERA-
Interim reanalysis underestimates the station-based warm-
ing rate and does not have an EDW signal above 3000m.
The WRF results follow the observed EDW curve below
5000m, but with lower warming rates than observations,
likely inherited from the ERA-Interim boundary conditions.

2. There are large discrepancies in warming estimates above
5000m where no in situ stations exist. Gridded observations
show EDW based on station extrapolation. Despite differ-
ences in details, neither WRF nor ERA-Interim suggest EDW
above 5000m.

3. WRF and ERA-Interim are consistent regarding the snow-
albedo feedback mechanism, albeit their EDW rates differ.
Water vapor changes and diabatic heating releases con-
tribute to EDW in WRF, but have no effect in ERA-Interim.

4. Future WRF runs (with CCSM4 boundary conditions) also
project a maximum warming rate at about 5000m that
reverses above 5000m under RCP 4.5 and 8.5 in both the
near and long terms.

Based on these findings, we conclude that EDW above 5000 m
over the Tibetan Plateau is not occurring, nor is it likely to occur in
the future.

Fig. 4 Distribution of WRF simulated a surface air temperature linear trends, b SWE linear trends, c surface latent heat flux changes, d sensible
heat flux changes, and e surface net radiation changes. (f-–j) Are the same as (a–e) but for ERA-Interim in 1983–2011. Grid cells for elevations
above 5000m are labeled as pluses. Kalakunlun (NW) and Tanggula (SE) ranges are marked as black
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METHODS
We are not aware of any research-quality temperature observations
available over the TP above 5000m, which motivated our use of ERA-
Interim and WRF as our primary information sources. The ERA-Interim
reanalysis ranks the best among the examined four reanalyses in
describing temperature and elements of the water cycle over the TP.26

The period of record for ERA-Interim is 1979–present. We conducted WRF
version 3.3 simulations using ERA-Interim boundary conditions for the
period 1979–2011 with a horizontal resolution of 30 km, using the NCAR
Community Atmospheric Model (CAM) shortwave and longwave schemes,
Single-Moment 3-class (WSM3), Grell–Devenyi convection scheme, Yonsei
University planetary boundary layer (YSU PBL), and the Noah land surface
model. We took the first four years (1979–1982) of our model run as spin-
up; 4 years is sufficient for initialization of soil moisture and other land-
state variables based on our previous experience.33,34 The common period
after spin-up (1983–2011) was used in our linear trend calculations.
For our comparisons of EDW below 5000m, we used raw station

observations, as well as gridded observations from the National
Meteorological Information Center of the CMA. CMA compiled the dataset
using thin-plate-spline interpolation19 and land information from stations.
We compared precipitation, SWE, snowfall, and surface heat fluxes from

ERA-Interim and WRF. We also analyzed the water vapor and diabatic
heating output from these two sources. Diabatic heating may include
contributions from model physics such as PBL for surface heating,
radiation, convection, and microphysics. It is the sum of tendencies of
the physics schemes. However, in WRF, diabatic heating is from
microphysics alone. The influence of water vapor on downwelling radiation
depends on the atmospheric column above the station. Using a single
level is not sufficient to represent the water vapor influences, in particular
on downwelling longwave radiation. Therefore, given that the water vapor
is mainly confined in the troposphere below 300 hPa, to represent water
vapor variations with elevation, for each model grid point, we first
calculated the trend in water vapor and diabatic heating at 300, 400, and
500 hPa, respectively. We then averaged the trends over the three levels to
represent general variations in tropospheric water vapor and diabatic
heating (we only include 500 hPa when this level is above the surface;
otherwise we average 300 and 400 hPa).
For each gridded dataset, we then binned the results by elevation bands

in 500m increments, starting at 2000m. We analyzed station and grid cell
mean and median warming rates and plotted them (in Figs. 1, 3, and 5). We
used the 25th and 75th percentile grid values for each elevation band to
characterize the spread.

Code availability
All figures were produced by NCL 6.4.0; the code is available from the
authors

Data availability
All data used in this paper are available from the authors
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