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Permafrost is prevalent over the Qinghai–Tibet Plateau (QTP), but mapping its distri-

bution is challenging due to the limited availability of ground‐truth data sets and

strong spatial heterogeneity in the region. Based on a recently developed inventory

of permafrost presence or absence from 1475 in situ observations, we developed

and trained a statistical model and used it to compile a high‐resolution (30 arc‐

seconds) permafrost zonation index (PZI) map. The PZI model captures the high

spatial variability of permafrost distribution over the QTP because it considers multi-

ple controlling variables, including near‐surface air temperature downscaled from re‐

analysis, snow cover days and vegetation cover derived from remote sensing. Our

results showed the new PZI map achieved the best performance compared to avail-

able existing PZI and traditional categorical maps. Based on more than 1000 in situ

measurements, the Cohen's kappa coefficient and overall classification accuracy were

0.62 and 82.5%, respectively. Excluding glaciers and lakes, the area of permafrost

regions over the QTP is approximately 1.54 (1.35–1.66) ×106 km2, or 60.7 (54.5–

65.2)% of the exposed land, while area underlain by permafrost is about 1.17

(0.95–1.35) ×106 km2, or 46 (37.3–53.0)%.
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1 | INTRODUCTION

The Qinghai–Tibet Plateau (QTP) is the largest and highest plateau in

the world with a mean elevation above 4000 m a.s.l. The QTP is also

known as the Asian water tower, because it is the source of several

large rivers (e.g. the Yellow, the Yangtze and the Brahmaputra Rivers)

that supply water for about 1.4 billion people downstream.1 The QTP

has the largest extent of permafrost in the low–middle latitudes.
wileyonlinelibrary.com/j
Permafrost over the QTP was reported to be sensitive to climate

change due, in part, to its high temperatures (normally > −2 °C) and

fragile landscape.2,3 Its distribution has strong influences on the environ-

ment, such as the surface energy balance (e.g.4), hydrological processes

(e.g.5), biogeochemical processes (e.g.6) and human systems (e.g.7,8).

Permafrost, a product of cold climates, typically develops beneath

the ground surface at depths dependent on site‐specific characteris-

tics such as climate, subsurface water content and the presence of
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insulating surface materials (e.g. peat). Permafrost depths exceeding

5 m have been reported in the QTP for the gravel soil near the bound-

aries of permafrost with high thermal diffusivity.9 Because of this, per-

mafrost presence or absence is often indiscernible from the surface

and its characteristics, such as thermal state or distribution, are spa-

tially heterogeneous. Aside from site‐scale observations, permafrost

distribution is mainly estimated using models.

In recent decades, many maps have been produced to estimate per-

mafrost distribution at different scales over the QTP using statistical

and (semi‐)physical methods (e.g.10-13). These maps were usually

produced at very small scales (from 1:600,000 to 1:10,000,000) and

used a categorical classification (such as permafrost, seasonally frozen

ground and unfrozen ground) to delineate permafrost regions.14 More

recently, due to the increased availability of high‐resolution

meteorological data sets, several higher resolution (∼ 1–10 km) maps

were developed which represent permafrost distribution as a binary

presence or absence classification.10,11,15,16 Based on the TTOP

model and improved MODIS land surface temperature, Zou et al10

presented a new permafrost map over the QTP with a spatial

resolution of 1 km. The overall accuracy of this map was reported to

be about 82%.17 Applying numerical models to permafrost

mapping in mountainous regions is challenging due to the need for

high‐resolution meteorological data to drive the model, which is

difficult to obtain.11

Empirical‐statistical models are a simple yet effective approach to

estimating permafrost distribution, especially in mountains where in

situ measurements are sparse.18 Generalized linear models (GLMs)

are a class of empirical‐statistical model which have been applied

to derive permafrost distribution at both global and regional scales

(e.g.14,19-22). Compared with traditional categorical maps, GLMs can

estimate permafrost distribution more precisely by introducing contin-

uous permafrost probability indices which range from 0 to 1. They also

take advantage of high‐resolution topoclimatic explanatory variables

such as mean annual air temperature (MAAT). For example, Gruber19

derived a global permafrost zonation index (PZI) map (denoted here

as PZIglobal) through a heuristic‐empirical relationship between perma-

frost and MAAT. Model parameters were established largely based on

the boundaries of continuous and isolated permafrost in the Interna-

tional Permafrost Association (IPA) map and do not rely on field obser-

vations.23 Studies have suggested that the PZIglobal map is suitable for

describing the overall spatial pattern of permafrost distribution over

the QTP.17,24 However, because the PZIglobal map uses MAAT as its

single predictor variable, it may underestimate the strong spatial het-

erogeneity of permafrost distribution over the QTP caused by local

factors including snow cover and vegetation. Furthermore, these local

factors normally could provide some hints on techniques and mea-

sures we can use to artificially simulate their similar effects and hence

could further improve mapping accuracy.14 The PZIglobal map repre-

sents an improvement over the IPA map by adding detail and accu-

rately representing major topographic features lacking in the IPA

map through the use of high‐resolution MAAT and topography data

sets. Unfortunately, its model parameters calibrated using 1990s‐era

measurements of the IPA map, and up‐to‐date ground‐truth
information is absent from this calibration. Based on recent evalua-

tions and inter‐study comparisons, the accuracy of any QTP perma-

frost map is heavily reliant on the use of in situ measurements in the

calibration of associated models. Incorporating more of the available

field measurements for permafrost map update is recommended to

improve the applicability of the permafrost maps over the QTP.16

Besides the empirically based GLMs, statistically based models are

expected to be a valuable alternative for establishing regional PZI maps

in mountains.14,20-22 A statistically based PZI map could describe char-

acteristics of permafrost distribution at a regional scale better by con-

sidering multiple controlling factors (e.g. MAAT, precipitation and

radiation) and by using amodel that has been calibrated based on a large

number of in situmeasurements. Although rock glaciers have been used

as indicators of current or former permafrost conditions to calibrate and

test permafrost maps,24 they are absent in much of the QTP due to low

precipitation.25 As a result, a regional PZI map derived based on in situ

measurements over the QTP is not yet available. There is a growing

awareness that global warming will result in permafrost degradation.

This, coupled with an increasing amount of infrastructure built on per-

mafrost in the QTP, means that simulations of permafrost distribution

will become increasingly important in the context of both environmen-

tal change and engineering design.

Recently, a new inventory of permafrost presence or absence was

developed over the QTP.17 At the same time, the increased availability

of accurate digital elevation models (DEMs), and improved climate

data products (e.g. gridded re‐analysis and remote sensing data sets)

have allowed for the development of new models for simulating

high‐resolution permafrost distribution over the QTP. In this study,

we develop and describe a statistical PZI model to predict the proba-

bility of permafrost over the QTP based on multiple predictor vari-

ables and a large number of in situ measurements. We evaluate the

new PZI model and map based on an inventory of permafrost pres-

ence or absence evidence from various methods. We then compare

the new PZI map (denoted as PZIQTP map) with the PZIglobal and tradi-

tional categorical maps. Specially, we aim to

(1) compile a new calibrated PZI map on the QTP that is based on in

situ evidence and multiple climatic predictor variables;

(2) provide summary statistics describing the permafrost distribution

on the QTP; and

(3) discuss the bias and uncertainties of the new PZI map by compar-

ing it to existing maps.
2 | DATA

2.1 | Inventory of permafrost presence or absence
evidence

In this study, we use a recently developed inventory of permafrost

presence or absence evidence to derive and evaluate the PZI model
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over the QTP.17 In general, this inventory provides a representative

training data set for site‐specific permafrost presence or absence

across a wide range of topographic conditions (e.g. elevation and slope

aspect) and climatic conditions (e.g. near‐surface air temperature and
FIGURE 1 (a) Distribution of permafrost presence or absence evidence ov
various methods supported or refuted permafrost presence. A red capital N
decision point. TOmax indicates thermal offset boundary of 0.79 ° C obtain
assess permafrost presence or absence; these sites are not included in the

TABLE 1 Summary of inventory of the permafrost presence or absence

Method
Original evidence

No. of samples Elevation (m a.s

BH 1141 (PF: 860; NPF: 281) 3284–5232

SP 6 (PF: 6; NPF: 0) 3885–5100

GST 184 (PF: 2; NPF: 182) 1583–4835

GPR 144 (PF: 144; NPF: 0) 3681–4166

Total 1475 (PF: 1012 NPF: 463) 1583–5232

Notes. Original means all the in situ measurements are based on in situ measure

aggregated inventory by merging multi‐study evidence in the same grid of unpr

surface temperature, GPR = ground‐penetrating radar, PF = permafrost, NPF =
snow cover). There are a total of 1475 in situ sites derived from vari-

ous methods. Of these, 1141 are acquired from borehole temperature

measurements, 6 from soil pits, 184 from ground surface

temperature measurements, and 144 from ground‐penetrating radar
er the QTP. (b) Flow chart used to determine if evidence acquired from
or blue capital Y indicates answers of no or yes, respectively, at each
ed from literature. Ambiguous indicates the data are not sufficient to
inventory. The flow chart was developed following Cao et al.17

evidence over the Qinghai–Tibet Plateau

Aggregated evidence

.l.) No. of samples Elevation (m a.s.l.)

796 (PF: 567; NPF: 229) 3295–5232

6 (PF: 6; NPF: 0) 3885–5100

176 (PF: 2; NPF: 174) 1583–4835

62 (PF: 62; NPF: 0) 3687–4139

1040 (PF: 637 NPF: 403) 1583–5232

ments (details could be found from Cao et al.17), while Aggregated are the

ojected SRTM30. BH = borehole temperature, SP = soil pit, GST = ground

non‐permafrost.
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surveys (Figure 1a, Table 1). Figure 1b shows the flow chart that was

used to assess permafrost presence or absence from each of the var-

ious methods. A more detailed description of this flowchart is pro-

vided by Cao et al.17 In order to avoid problems with spatial

autocorrelation and over‐weighting of dense observations, point‐scale

permafrost presence and absence measurements were aggregated to

a regular grid co‐registered with the unprojected SRTM30 grid (30

arc‐seconds). Within each grid cell, the presence or absence of perma-

frost was determined by counting the number of sites in each cate-

gory. The grid cell was assigned a value based on which category

(presence or absence) was in the majority. For grid cells with the same

number of permafrost presence and absence sites, the value of the

nearest site from the grid center was chosen to represent the cell.

As a consequence, there are 1040 aggregated sites left for further

analysis (Table 1).

2.2 | Meteorological observations

In order to evaluate the downscaled MAAT and derive snowpack

information, the mean daily near‐surface air temperature and snow

depth for 87 stations from the China Meteorological Administration

(CMA) were used (Figure A1). The data were collected each day by

trained professional technicians then evaluated using automated qual-

ity control scripts, and hence are more reliable than raw data.26

2.3 | Explanatory variables

The spatial distribution and thermal state of permafrost result from

the long‐term interaction of climate, surface conditions and subsur-

face conditions. The MAAT, mean annual snow cover days (MASCD)

and Normalized Difference Vegetation Index (NDVI) are selected here

as potential explanatory variables representative of climate and sur-

face conditions. It has been widely investigated that the presence of

a peat layer may reduce the ground temperature (e.g27,28). However,

we do not consider the subsurface soil conditions here because (a)

measurements of subsurface soil conditions, even information for

presence or absence of a peat layer, are not available at most sites

in the inventory; (b) the available geological maps over the QTP have

an unsuitably coarse resolution; and (c) dividing the 1475 or 1040

aggregated measurements into different sub‐groups based on subsur-

face conditions or soil type would result in too few samples per group

for robust statistical analysis. While radiation measurements, corre-

sponding to the influences of topography, are widely used as an explan-

atory variable for deriving PZI in mountainous areas (e.g.13,14,20-22),

there are too few sites in steep areas in the inventory to justify includ-

ing radiative variables. For example, 52.3% and 83.3% of sites have

slopes smaller than 5° and 10°, respectively.17

2.3.1 | Mean annual air temperature

The MAAT during the reference period 1979–1999 was used here as

a predictor variable. It is well known that the total permafrost simula-

tion chain may be significantly affected by the choice of input data
sets.29 ERA‐Interim, produced by the European Center for Medium‐

range Weather Forecast (ECMWF), was chosen for this study as it

was found to describe the complex environments over the QTP better

than other re‐analyses,30 and its downscaled results have achieved

promising results (e.g.31-33).

To derive the high‐resolution PZI map, a statistical downscaling

method was employed to yield the near‐surface air temperature. It

has been shown that the downscaled air temperature is sensitive to

the downscaling technique used31 and, for this reason, we downscaled

air temperature using two methods which differ in how they treat the

surface effects, and combined the two results in a smooth way. The

method developed by Fiddes32 (denoted as downscaling method 1,

DSM1) was used to derive MAAT for areas with hypsometric position

smaller than 0.1, corresponding to areas dominated by the upper‐air

temperature, such as mountain tops (see Appendix A1 for details on

the simulation of hypsometric position). The method developed by

Gao et al.33 (denoted as downscaling method 2, DSM2) was used for

areas with hypsometric position larger than 0.3, corresponding to

areas dominated by surface effects. A smooth combination was used

for the other areas (from 100% surface effects at hyposmetric

position of 0.3 to no surface effects at 0.1), and so the MAAT can

be written as:

MAAT ¼ ð1 − αÞMAAT1 þ αMAAT2 (1)

where MAAT1 is the MAAT derived from DSM1 and MAAT2 is from

DSM2; α is the fractional contribution of MAAT2 to MAAT, and can

be expressed as:

α ¼
0; H⩽Hu

H − Hu

Hl − Hu
; Hu < H < Hl

1 H⩾Hl

8>><
>>:

(2)

where H is the hyposmetric position estimated from the SRTM30, Hl is

the lower boundary of hyposmetric position, and Hu is the upper bound-

ary. Hl and Hu were 0.3 and 0.1, respectively. Detailed evaluation of

downscaled MAAT can be found in Appendix A2 and Figure A1.

2.3.2 | Snow cover duration

Snow cover plays an important role in permafrost distribution by

influencing energy exchange between the atmosphere and the sur-

face.34 The scaled MASCD (SMASCD) was obtained as an indicator

of snow cover because no reliable snow water equivalent products

were available for the QTP (Appendix B, Figure B1). The annual snow

cover days were derived from the daily snow cover product developed

by Wang et al.35 based on MODIS products (MOD10A1 and

MYD10A1). The snow‐specific and overall classification accuracies

over the QTP were reported as 85% and 98%, respectively. To make

the snow cover days more comparable, they were normalized to the

interval 0–1 by dividing by the total number of days in each year,

and the resulting SMASCD during 2003–2010 was used as a predic-

tor. The original SMASCD product with a spatial resolution of 500 m

was bi‐linearly interpolated to the unprojected SRTM30 grid.
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2.3.3 | Vegetation coverage

To represent the influence of vegetation on permafrost distribution,

the 16‐day NDVI from MODIS/Terra (MOD13Q1, v006) was used.

This is a level‐3 MODIS product and is available on a global grid at a

spatial resolution of 250 m. The annual maximum NDVI was com-

puted for each year during 2001–2017 to approximately represent

the amount of vegetation, and then a median value of the annual max-

imum for each pixel was calculated over the entire period to avoid

sensitivity to extreme values. The median of annual maximum NDVI

(NDVI max) was used as a predictor variable within the PZI model.

The original NDVImax product with a spatial resolution of 250 m was

bi‐linearly interpolated to the unprojected SRTM30 grid.

2.4 | Digital elevation model and topography

A 3 arc second (∼ 90 m) DEM was created by spatially averaging the

Global Digital Elevation Model version 2 (GDEM2), which has an

original resolution of 1 arc second.36,37 This was done to reduce the

level of noise in the original data set.31 Subsequently, topographic

indices including slope and aspect were calculated for all sites in the

inventory using RSAGA.38 The algorithm used was a third‐order finite

difference weighted by the reciprocal of squared distance.39 The

outline of the QTP is taken from Zhang et al.,40 glacier outlines are from

Liu et al.41 representing conditions in 2010, and lake data are provided

by the Third Pole Environment Database. The unprojected grid of

SRTM30 DEM with a resolution of 30 arc seconds (∼1 km) was used

to align predictor variable data sets as well as the final output PZI

map in this study.

3 | METHODS

3.1 | Permafrost zonation index model

A GLM is introduced here as the statistical model of permafrost distri-

bution. GLMs can be applied to model the continuous occurrence

probabilities of binary categorical response variables such as the pres-

ence (Y=1) or absence (Y=0) of permafrost based on one or multiple

independent variables.22 In contrast to the linear regression model,

the GLM places fewer restrictions on the types and statistical distribu-

tions of independent predictor variables. The independent variables

may be continuous or categorical, and need not be normally distrib-

uted. MAAT, SMASCD and NDVImax were selected to be predictor

variables (Figure 2). Vegetation and snow cover duration were

expected to be influenced by near‐surface air temperature, and there-

fore corresponding interaction terms were added to the PZI model.

Fundamentally, the statistical model simulates the probability of per-

mafrost occurrence based on known values of the predictor variables,

and can be written as:

fðPÞ ¼ α0 þ β1Ta þ β2Snow þ β3Veg þ β4Ta·Snow þ β5Ta·Veg (3)

where P is the probability of permafrost zonation, and is referred to as

the PZI representing permafrost distribution. Ta, Snow and Veg are the
near‐surface air temperature, snow cover and vegetation cover,

respectively, and are represented by MAAT downscaled from ERA‐

Interim, SMASCD and NDVI max derived from MODIS (see Section

2.3). α0 is the regression constant, and β1, β2, β3, β4 and β5 are regres-

sion coefficients. f (P) is the link function in a logistic format

fðPÞ ¼ ln
P

1 − P

� �
(4)

The PZI could therefore also be written as:

P ¼ eðα0þβ1Taþβ2Snowþβ3Vegþβ4Ta·Snowþβ5Ta·VegÞ

1þ eðα0þβ1Taþβ2Snowþβ3Vegþβ4Ta·Snowþβ5Ta·VegÞ (5)

All model fitting and statistical calculations were conducted using

the R programming language (version 3.4.3).

3.2 | Permafrost region and area calculations and
statistics

In order to estimate and evaluate permafrost distribution as deter-

mined by the PZI model, it is important to highlight the difference

between the extent of permafrost regions and permafrost area. A per-

mafrost region is the exposed land surface below which the probabil-

ity of permafrost occurrence is above some threshold value. The

choice of threshold is arbitrary, but 10% permafrost coverage is often

used.19,42 Importantly, there may not be permafrost underlying the

entirety of a permafrost region. On the other hand, permafrost area

must necessarily be underlain by permafrost. The PZI developed by

Gruber19 was designed so that the numerical PZI value represented

the proportion of a pixel underlain by permafrost. In such a case, spec-

ified thresholds are required for both the extent of permafrost region

and permafrost area simulation based on the PZI as model output. Fol-

lowing Gruber,19 we selected only the areas with PZI ≥ 0.01 for fur-

ther analysis and area can therefore be calculated by multiplying PZI

by pixel area for each pixel within the threshold. Permafrost regions

were defined as the areas with PZI ≥ 0.1.

The pixel area of the unprojected SRTM30 grid used in this study

can be calculated for any arbitrary pixel as Δy (longitude direction) ×

Δx (latitude direction), where Δy is defined as:

Δy ¼ Res
πR
180

(6)

where Res is the resolution of SRTM30 in degrees and R is the mean

radius of the Earth with a constant value of 6371 km. Δx can be found

as follows:

Δx ¼ cosðlatÞΔy (7)

where lat is the latitude of the pixel within the SRTM30 grid.

3.3 | Evaluation of PZI model and map

Preliminary investigations of the PZI model (preliminary model) were

conducted using all in situ observations and predictor variables, but



FIGURE 2 The predictor variables of (a) MAAT (∼ 1 km) during 1979–1999 downscaled from ERA‐Interim, (b) SMASCD (∼ 500 m) during 2003–
2010 and (c) NDVImax (∼ 250 m) during 2001–2017 from MODIS, used in the PZI model(s)
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only the significant variables were selected for final PZI simulations.

To assess the performance of the PZI model, we conducted a 10‐fold

cross‐validation. This is a commonly used method to compare and

select a model for a given predictive modeling problem and it generally

has a lower bias than other methods such as a simple split of training

and test data (e.g.20,31,43). In this method, the inventory is first divided

into two subsets based on permafrost presence or absence. Each time,

∼90% of the permafrost presence and absence sites are randomly

selected from the subsets for deriving model parameters, and the

remaining 10% are used for evaluation. This process is repeated 10

times with different samples each time.
The model was evaluated using classification metrics for categori-

cal variables35,44:

PCCPF ¼ PFT
PFT þ PFF

× 100%

PCCNPF ¼ NPFT
NPFT þ NPFF

× 100%

PCCtol ¼ PFT þ NPFT
PFT þ PFF þ NPFT þ NPFF

× 100%

(8)

where PCC is percentage of sites correctly classified, and the variables

PF and NPF represent counts of model predictions of permafrost or



TABLE 2 Summary statistics of explanatory variables for the aggre-
gated inventory of permafrost presence or absence

Variables Range Mean Median SD Q1 Q3

MAAT (°C) −9.6 to 16.6 −3.5 −4.1 3.0 −5.2 −2.9

SMASCD 0.00–0.58 0.11 0.10 0.06 0.07 0.14

NDVImax 0.01–0.88 0.45 0.48 0.22 0.24 0.65

Notes. SD = standard deviation, Q1 = 25th percentile, Q3 = 75th

percentile.
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non‐permafrost, respectively. The subscripts T (True, correctly classi-

fied) and F (False, incorrectly classified) indicate whether the predic-

tion was correct or incorrect. Put another way, PFT is a measure of

the true positives and PFN a measure of false positives. The threshold

of PZI = 0.5 was used to separate predictions of permafrost and non‐

permafrost.21,22 Because there are more sites with permafrost (61.3%)

than sites without permafrost (38.7%) in the inventory, Cohen's kappa

coefficient (κ) was also introduced here for map evaluation. Parameter

κ measures inter‐rater agreement for categorical items,45 and is

expressed as:

κ ¼ po − pe
1 − pe

(11)

where pe and po are the probability of random disagreement and

agreement, respectively, calculated as

pe ¼
ðPFT þ PFFÞ × ðPFF þ NPFTÞ þ ðPFF þ NPFTÞ × ðNPFF þ NPFTÞ

ðPFT þ PFF þ NPFF þ NPFTÞ2

po ¼
PFT þ NPFT

PFT þ PFF þ NPFF þ NPFT
(12)

Two other permafrost maps for the QTP were also evaluated using

the in situ data as benchmarks against which the PZIQTP map can be

compared. The first was the map developed by Zou et al.10 (referred

to as QTPTTOP), which is the best calibrated categorical map of the area.

The second was the PZIglobal map, which is the only PZI map available

that covers the entire QTP. The model parameters of the PZIglobal map

are estimated using the boundary conditions for continuous and island

permafrost, that is PZI = 0.9 when theMAAT is equal to −8.0 °C and PZI

= 0.1 when the MAAT is equal to ‐1.5 °C (referred to as normal case or

PZInorm). Furthermore, two variants representing either cold (conserva-

tive) or warm (non‐conservative) conditions are introduced into the

PZIglobal map to allow the propagation of uncertainty caused by input

data sets and model suitability. The two variants, denoted as the PZIcold

and PZIwarm maps, differ in the parameters used. A more detailed

description of the model parameters is provided by Gruber.19 There is

an obvious temporal mismatch when using the recently collected and

developed inventory to evaluate the PZIglobal map, whichwas estimated

based on the IPA map released in the 1990s.19,23 However, this prob-

lem is somewhat unavoidable because in situ measurements before

the 1990s are lacking. We argue that although the evaluation and

inter‐study comparisons with the PZIglobal map presented here may

underestimate its performance, it is necessary in order to assess the

performance of the new PZIQTP map. To compare and evaluate the

modeled PZI to the measured proportion of permafrost presence,

which describes the fraction of sites that show evidence for permafrost,

the coefficient of determination (R2), mean bias (BIAS) and root mean

squared error (RMSE) were computed.

BIAS ¼ 1
N
∑
N

i¼1
ðMODi −OBSiÞ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

i¼1
ðMODi−OBSiÞ2

N

vuuut
(14)
whereMOD is the modeled PZI,OBS is the observed proportion of per-

mafrost presence, and N is the total number of measurements.
4 | RESULTS AND INTERPRETATION

4.1 | Exploration of inventory of permafrost
presence or absence

Summary statistics for the predictor variables at the 1040 measured

sites are presented in Table 2. The range of each variable suggests

that the sites represent a wide variety of field conditions and that

the evidence here is sufficiently representative to derive a robust,

statistically based PZI map over the QTP. Values ranged from −9.6

to 16.6 °C for MAAT, 0 to 0.57 for SMASCD and 0.01 to 0.88 for

NDVI max. Our results show clear differences in predictor variables

between sites with and without permafrost (Figure 3). The mean

MAAT for permafrost sites was about 3.8 °C lower than for sites lack-

ing permafrost. The SMASCD was generally low at all measured sites

with the mean of 0.11 ± 0.06, and was 0.13 ± 0.07 for sites with per-

mafrost and 0.09 ± 0.05 for permafrost‐free sites. Finally, permafrost

sites had lower NDVImax values (0.40 ± 0.21) than permafrost‐free

sites (0.52 ± 0.22).

In general, the proportion of permafrost presence was strongly

affected by changes in MAAT, SMASCD and NDVImax (Figure 4). At

the measured sites, permafrost was more prevalent in areas with low

MAAT; few permafrost‐affected sites (proportion < 0.06) were found

in areas with MAAT higher than −2 °C. The proportion of permafrost

sites was positively correlated with the SMASCD, and was about 0.19

higher for sites with SMASCD of 0.20–0.25 than for sites with

SMASCD below 0.05. For the NDVImax, the proportion of permafrost

was about 0.83 for NDVImax between 0.2 and 0.3, but was about

0.41 lower for sites with NDVImax between 0.7 and 0.8. The low pro-

portion of permafrost presence for sites with NDVImax < 0.1 is thought

to reflect the abundance of non‐permafrost sites in desert and in areas

around lakes and river channels. As a consequence, the in situ sites

showed greater presence of permafrost at lower MAAT and NDVImax

and higher SMASCD. These results indicated that predicting PZI from

MAAT, SMASCD and NDVImax from a large amount of field evidence

appears to be promising.



FIGURE 3 Comparisons of (a) MAAT, (b) SMASCD and (c) NDVImax for permafrost presence (PF) and absence (NPF) sites. Black dots are mean
values

FIGURE 4 Spinogram depicting the proportion of permafrost presence at the measured sites for different binned values of (a) MAAT,
(b) SMASCD and (c) NDVImax. Bar widths are proportional to the number of observations within any given interval of a predictor variable

TABLE 3 Parameters of the permafrost zonation index model over
the Qinghai–Tibet Plateau

Predictor Preliminary Model Final Model

Intercept 2.227∗∗ −1.881 ±0.348∗∗

MAAT −0.801∗∗ −0.707 ±0.097∗∗

SMASCD 10.459∗ 5.144 ±0.789∗

NDVImax −6.261∗∗ −5.811 ±0.792∗∗

MAAT · SMASCD not significant –

MAAT · NDVImax −1.190∗∗ −1.093 ±0.184∗∗

Notes. The model parameters are derived using all the 1040 aggregated

field evidence. Significance of Wald test: ∗∗<0.01, ∗<0.05. Non‐significant
means the predictor variable is involved in the model fitting, but the result

is not significant, while a dash means not involved in. The values after ± are

standard deviations derived from 10‐fold cross‐validation.
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4.2 | Evaluation and interpolation of PZI model

The preliminary model results showed that MAAT, SMASCD, NDVImax,

and the interaction term of MAAT · NDVImax were all statistically sig-

nificant with p < 0.01 (Table 3). The lack of significance for the inter-

action term between MAAT and SMASCD is probably due to the

fact that snow distribution is controlled by precipitation rather than

air temperature in the (semi‐)arid QTP. In the final model, this non‐

significant interaction term was removed. It is not surprising that PZI

is negatively correlated with MAAT. More interestingly, PZI is posi-

tively correlated with the SMASCD. This is thought to be because

there is little snow in most areas of the QTP; the maximum mean daily

snow depth is 1 cm based on ground observations (Figure 5a). As a

result, snow is more effective at cooling the ground by consuming

latent heat as it melts and by minimizing the effects of incoming solar

radiation rather than acting as an effective insulator of the underlying

soil.34,46 The timing of snow cover is also relevant here because the

ground may not be snow‐free until the end of May (Figure 5b). The

NDVImax predictor variable exhibits a clear spatial pattern (Figure 2c).

Values for NDVImax decrease from the southeastern QTP (low and warm)

to the northeastern QTP (high and cold). In other words, higher NDVImax
values are found in warm areas with less permafrost. This is reflected in

the model as a negative coefficient on the NDVImax term (Table 3).

Based on the estimated model coefficients (Table 3), the sensitivi-

ties of PZI to each of the explanatory variables are strongly dependent

on the absolute values of those variables due to non‐linear processes (

Figure 6a,b,c). For example, the PZI is relatively unaffected by changes



FIGURE 5 (a) Mean daily snow depth at 87 stations of China
Meteorological Administration (CMA) during 1981–2010 and (b)
mean daily snow cover proportion at 1040 permafrost presence or
absence evidence sites during 2003–2010. The distribution of CMA
sites is shown in Figure B1a. The gray shadow represents a 95%
confidence interval about the mean

FIGURE 6 Sensitivities of modeled PZI to the explanatory variables of (
cover days (SMASCD) and (c) maximum normalized difference of vegetatio
variables. The dashed lines are extrapolations beyond the measured range
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in MAAT for extremely cold areas (MAAT < −8 °C) or warm areas

(MAAT > 0 °C), but it is highly sensitive to changes in MAAT when

MAAT is between −4 and −2 °C. As a result, the PZI only changes

by 0.003 when MAAT increases from −10 °C to −8 °C, but the same

2 °C increase from −4 °C to −2 °C corresponds to a decrease of

0.536 in the PZI assuming the NDVImax and SMASCD are equal to

their mean values across all measured sites (Figure 6d, Table 2). Simi-

larly, an increase in SMASCD of 0.2 (from 0.01 to 0.21) corresponds to

an increase of 0.247 in PZI (assuming MAAT and NDVImax are equal to

their mean values), and a change in NDVImax of 0.2 (from 0.35 to 0.55)

corresponds to a difference of 0.097 in PZI (assuming MAAT and

SMASCD are equal to their mean values). In other words, a change

in NDVImax from 0.15 to 0.55 has the same effect as an increase in

MAAT from −4.0 °C to −3.34 °C or a decrease in SMASCD from

0.20 to 0.05 assuming the other variables are equal to their mean

values across all measured sites.

The mean PZI at sites with evidence for permafrost was 0.81. Most

of these sites (89.6%) were located in areas with PZI ⩾ 0.5 (Table 4,

Figure 7). Among the 406 permafrost absence sites, there were 120

sites forwhich PZI⩽ 0.01 orwithout PZI in themap,which are predicted

to be regions of permafrost absence. There were an additional 167 sites

with evidence for no permafrost where PZI < 0.5 with mean of 0.23 ±

0.18. This results in 71.2%of the permafrost absence sites being located

in areas without PZI or with PZI < 0.5. In order to compare the predicted

PZI values to field data, all field sites were first partitioned into 10

groups based on the PZI derived from 10‐fold cross‐validation. The

measured proportion of permafrost presence was calculated in each

partition as the number of sites with evidence for permafrost divided
a) mean annual air temperature (MAAT), (b) scaled mean annual snow
n index (NDVImax). Changes of (d) modeled PZI with the explanatory
s of explanatory variables (Table 2)



TABLE 4 Summary and evaluation of the PZIQTP and existing permafrost maps over the Qinghai–Tibet Plateau

Name PZIQTP
PZIglobal QTPTTOP

normal warm cold

Method statistical heuristic‐empirical semi‐physical

PCCPF (%) 89.6 74.6 34.1 94.0 93.6

PCCNPF (%) 71.2 85.4 99.0 59.3 63.6

PCCtol (%) 82.5 78.8 59.2 80.6 82.0

κ 0.62 0.57 0.28 0.57 0.60

Permafrost region (106 km2) 1.54 (1.35–1.66) 1.68 1.42 1.84 –

Permafrost area (106 km2) 1.17 (0.95–1.35) 1.00 0.76 1.25 1.06 ± 0.09

Notes. The results are slightly different from those in Cao et al.17 as the evaluation present here is derived based on 1040 aggregated in situ measurements.

FIGURE 7 Summary of predicted PZI for sites with evidence for
permafrost presence (PF) and permafrost absence (NPF) based on
10‐fold cross‐validation. Data correspond to PZI values in the range
[0.01–1] as present in the PZIQTP map
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by the total number of permafrost presence sites in the partition. A com-

parison of measured proportion and predicted proportion (PZI) of per-

mafrost occurrence is presented in Figure 8a. In general, the modeled

PZI shows good agreement with the measured proportion with an R2

of 0.94, an RMSE of 0.08 and a BIAS of 0.01.
4.3 | Computation and statistics of PZI map

The final PZIQTP map, with a spatial resolution of 30 arc seconds

(∼ 1 km) over the entire QTP, is shown in Figure 9. Because perma-

frost distribution is expressed as the continuous variable PZI from

0.01 to 1, the PZIQTP map provides more information compared to

the previous binary classification maps which show only presence

or absence. The PZIQTP map shows a clear spatial pattern of perma-

frost distribution over the QTP with higher PZI in colder, more
regularly snow‐covered, and less vegetated areas, as predicted by

the statistically based model. A higher PZI value indicates the ten-

dency for permafrost to be (a) more widespread (or more likely to

be present at one particular location), (b) colder, (c) thicker and (d)

more persistent at depth in response to warming.

Excluding glaciers and lakes, the permafrost region predicted by

the PZIQTP map is approximately 1.54 (1.35–1.66) ×106 km2 or 60.7

(54.24–65.2)% of the QTP, while areas underlain by permafrost are

predicted to be about 1.17 (0.95–1.35) ×106 km2 or 46.0 (37.3–

53.0)% of the QTP (Table 5, Figure 10). The permafrost areas are

mainly distributed between elevations of 3600 and 6000 m (98.0–

98.8%), and 22.1–23.4% of the entire permafrost area occurs in the

elevation range between 4900 and 5100 m. The permafrost area

was found to be about 1.16 (0.93–1.34) ×106 km2 for PZI ⩾ 0.1,

1.06 (0.81–1.26) ×106 km2 for PZI ⩾ 0.5 and 0.76 (0.50–1.00) ×106

km2 for PZI ⩾ 0.9, excluding glaciers and lakes.
5 | DISCUSSION

5.1 | Comparison with existing maps

We conducted a cross‐validation to assess the PZIQTP map perfor-

mance, and the other two reference maps are evaluated by directly

using the aggregated 1040 ground‐truth measurements. In general,

the PZIQTP map achieved the best performance for permafrost distri-

bution over the QTP. Compared to the three cases of the PZIglobal

map, PCCtol was 1.9–23.3% higher and κ was 0.05–0.34 higher for

the PZIQTP map. Results were similar for the QTPTTOP map (Table 4).

While the summary statistics indicated the best agreement of the

PZIQTP map with observations, Figure 8 showed the improvements

are comprehensive by comparing the modeled PZI against in situ mea-

surements for different PZI ranges. The PZI simulated in this study has

the lowest RMSE (reduced by 0.06–0.22) and BIAS (reduced by 0.07–

0.25) compared to the PZIglobal map. Additionally, the PZIQTP map in

general shows good agreement with all the ten groups, while

obvious bias was found for all the three cases of the PZIglobal map.

The worst performance of the warm case in the PZIglobal map was



FIGURE 8 Measured permafrost presence proportion against predicted PZI for the (a) PZIQTP map based on 10‐fold cross‐validation, (b) PZInorm, (c)
PZIcold, and (d) PZIwarm maps. Norm, cold and warm represent the three cases of the PZIglobal map. The evidence is grouped by predicted PZI (y‐axis)
with an interval of 0.1. Each groupmay containmultiple evidence, and the amount of evidence is represented by the boxwidth. Corresponding to the
PZI range of the map, only sites with PZI > 0.01 are present. R2, RMSE and BIAS statistics are derived using the permafrost presence proportion and
mean PZI (the red dot) of all evidence in each PZI group
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demonstrated by the significantly warm bias compared with the mea-

sured proportion of permafrost presence for all groups and by the

remarkable negative BIAS of −0.26. The normal case underestimated

the PZI for the groups with PZI > 0.5 (BIAS = −0.10), while the cold case

overestimated the PZI for the groups with PZI < 0.5 (BIAS = 0.08).

The improved performance of the PZIQTP map can be explained by

the more suitable input data and by the model with calibrated

parameters and multiple explanatory variables used. Based on the

evaluation results, 195 (132) of the 1040 aggregated sites are classi-

fied differently between the PZIQTP map and the PZInorm (PZIcold)

map (Figure 11) and 85% (81%) of the PZI difference could be

traced back to the MAAT difference (Figure 12a). Our results

showed that the MAAT used in the PZIQTP map has better perfor-

mance than that in the PZIglobal map, and the RMSE was reduced by

0.57 °C (Figure A1). The PZIQTP map consequently benefits from the

improved MAAT. For sites with conflicting classifications but with
similar MAAT values (differing by less than 0.2 °C), the PZI differences

are caused by the snow cover days and vegetation. The differences in

PZI values between the PZIQTP map and PZInorm map are greater for

sites with larger SMASCD (Figure 12b), which is consistent with

observed and modeled cooling effects of shallow snow.27 The lack

of a significant correction between PZI difference of the PZIQTP map

and the PZIcold map and SMASCD is probably due to the narrow span

of SMASCD for sites with conflicting classification. Similarly, strong

correlations between NDVImax and PZI difference are found for those

sites with similar MAAT with the R2 of 0.49 and 0.81 for the PZInorm

and PZIcold maps, respectively. Consequently, the overall accuracy

(PCCtol) of the sites with conflicting classifications between the PZIQTP

map and PZInorm (PZIcold) map is 60.0% (57.6%) for the PZIQTP map,

and 40.0% (42.4%) for the PZInorm (PZIcold) map. Given the locations

of these sites (Figure 11), our results highlight how the PZIQTP map

could improve the classification accuracy of areas near the permafrost



FIGURE 9 Distribution of statistically based PZI over the QTP with a spatial resolution of 30 arc seconds, superimposed on a DEM hillshade

TABLE 5 Summary statistics for binned permafrost zonation index
ranges in the Qinghai–Tibet Plateau

PZI range Total area Permafrost area Relative area
(106 km2) (106 km2) (%)

0.01–0.1 0.27 (0.22–0.34) 0.01 10.7 (8.8–13.5)

0.1–0.5 0.35 (0.29–0.44) 0.10 (0.08–0.12) 13.9 (11.3–17.2)

0.5–0.9 0.41 (0.36–0.44) 0.30 (0.26–0.32) 16.1 (14.0–17.1)

0.9–1.0 0.78 (0.51–1.02) 0.76 (0.50–1.00) 30.7 (20.1–40.0)

Total 1.82 (1.73–1.88) 1.17 (0.95–1.35) 71.4 (68.0–74.0)

Notes. Total area is the area with simulated PZI occuring in the given range

and permafrost area was derived as PZI multiplied by pixel area. Relative

area refers to the total area of the Qinghai–Tibet Plateau. The extent range

of permafrost region and area are derived based on the parameter strand

deviation present in Table 3. The statistics are conducted by excluding gla-

ciers and lakes.
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boundary by considering more local factors controlling permafrost dis-

tribution. This is especially important on the QTP because much of the

bias of permafrost maps in areas near permafrost boundaries is caused
FIGURE 10 Cumulative permafrost region over the range of (a) elevation
histogram is the permafrost area for different elevations and PZIs. The da
permafrost areas, respectively, based on the standard deviation of final mo
by the sensitivity of permafrost to near‐surface air temperature and

the strong influences of local factors.17

The total permafrost area calculated using the QTPPZI map is sim-

ilar to that of the QTPTTOP map (1.06 ± 0.09 × 106 km2), which has

been reported to be the best calibrated categorical map over the

QTP. The slightly smaller permafrost area (about 0.11 × 106 km2) for

the QTPTTOP map is probably due to the land surface temperature

used, which represents the conditions during 2003–2012, and is

expected to be higher than the reference period of 1979–1999 used

for the PZIQTP map. The QTPTTOP map performs slightly better in per-

mafrost areas than the PZIQTP map, as reflected by the higher PCCPF

(+4%). However, this is offset by poorer performance in non‐

permafrost areas with lower PCCNPF (−7.6%). As a whole, the PZIQTP

map showed slightly better performance than the QTPTTOP map.
5.2 | Uncertainties of PZI map

Although the PZI model over theQTPwas estimated and evaluated by a

large number of in situ measurements (1040 points aggregated from
and (b) PZI. The black lines are the cumulative permafrost area, and the
shed lines are the maximum (blue) and minimum (red) cumulative
del in Table 3



FIGURE 11 A map of sites for which classifications are contradictory between the PZIQTP map and either PZInorm map (gray) or PZIcold (blue)
map, superimposed on the background of the categorical permafrost map developed by Zou et al.10

FIGURE 12 A detailed analysis of sites for which classifications are contradictory between the PZIQTP map and either the PZInorm (gray) or PZIcold
(blue). The three panels plot the difference in PZI values in relation to the difference in: (a) MAAT, (b) SMASCD and (c) NDVImax. (b) and (c) only
include points with an MAAT difference of less than 0.2 ° C between the two maps; this interval is marked in (a) with dashed lines. N is the number
of in situ sites with contradictory classifications. The warm case of the PZIglobal map is not included here as it is not suitable for use over the QTP
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1475 measurements) and our results showed significant relationships

between PZI and the selected predictor variables (Table 3), the validity

of the relationship outside the sample cannot be evaluated in this study.

The PZIQTP map is based on statistical results, and hence its accuracy is

influenced by the representativeness of the sample sites. However, the

sample sites are biased towards locations along main roads (e.g.

Qinghai–Tibet highway and Erga Road in the northeastern QTP), and

observations are scarce in northwestern areas due to the harsh climate

and lack of access. The PZIQTP map is expected to have larger uncer-

tainty caused by the inadequate sampling, especially at high elevation

(> 5200 m) and in steep (slope ⩾ 20°) terrain.

Permafrost presence or absence is site‐specific and usually depends

not only on the predictor variables used here but also on many addi-

tional factors such as radiation,47,48 precipitation20 and subsurface soil

conditions,27 especially the presence of a peat layer. For example Cao

et al.28 reported that the permafrost lower limit is about 300 m lower

on north‐facing slopes than on south‐facing slopes due to reduced solar

radiation and the presence of a peat layer. Furthermore, lower ground

temperatures were reported in alpine swamp meadow areas due to
the higher soil moisture and organic matter compared to typical alpine

meadows.49 In this case, the presence of swamp meadow is typically

indicative of colder ground and a higher likelihood of permafrost,

regardless of the PZI value. While snow is minimal in most parts of the

QTP, the snow redistribution phenomenon is significant due to blowing

snow.50 In snowdrift areas, this may negate the snow cooling effect

mentioned above, and may even cause snow to act as a strong insulator

and warm the ground.34 A sub‐grid interpretation scheme based on

expert assessments can therefore be important and useful to further

improve the prediction of the PZIQTP map presented here.21

Because the PZI is highly sensitive to the predictor variables

(Figure 6), another component of uncertainty can be attributed to the

input data sets. Although lapse rate is well described in MAAT down-

scaling, surface effects that can affect fine‐scale simulations are simpli-

fied.31 Cold air pooling is one such effect that may overestimate the

near‐surface air temperature in valleys and consequently underestimate

the permafrost presence. Furthermore, although the SMASCD product

used here was characterized by high classification accuracies, the algo-

rithm used to derive it, known as the snow‐line method (SNOWL),
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depends strongly on elevation.35 Thus, the influences of latitude and

topography are ignored. As a consequence, SMASCD was

overestimated in southern areas and on south‐facing slopes and was

underestimated in northern areas and on north‐facing slopes. However,

it is challenging to quantitatively assess the impact of this on the PZI

map because the uncertainty arises from themodel development phase.

We hope more reliable data sets can be developed over the QTP that

help to establish more accurate permafrost maps in the future.

The distribution and thermal state of permafrost are the results of

long‐term climate. The temporal evolution of permafrost and the asso-

ciated effects on the present‐day spatial distribution (e.g. degradation

and relict permafrost) are not reflected by the PZIQTP map, which is

based on an assumption of equilibrium conditions.
6 | CONCLUSION

We defined a PZI model based on downscaled re‐analysis air tempera-

ture, remotely sensed snow cover and vegetation data sets, and the

new developed inventory of permafrost presence or absence evidence.

This model was used to create a new permafrost map of the QTP (the

PZIQTP), which was evaluated alongside two other permafrost maps.

The new model and map presented here achieved the best perfor-

mance with an overall classification accuracy of 82.5% and a κ of 0.62.

Besides providing more reliable predictions of permafrost distribu-

tion, the PZIQTP map allows users to further distinguish permafrost

presence or absence in the field based on in situ conditions such as

the presence of peat cover. This is possible because the map is

expressed as a continuous index resembling the probability of perma-

frost distribution for a given area.

Excluding glaciers and lakes, the permafrost region over the QTP

was found to be approximately 1.54 (1.35–1.66) × 106 km2, or 60.7

(54.5–65.2)% of the exposed land area of the QTP, while areas

underlain by permafrost were found to cover about 1.17 (0.95–1.35)

× 106 km2, or 46.0 (37.3–53.0)%.

Spatial sampling bias is expected to cause higher uncertainty in

steep terrain and at high elevation. Improved model evaluation will

require further investigation using more systematic samples.
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APPENDIX A

MAAT DOWNSCALING AND EVALUATION
A.1 | Hypsometric position
Hypsometric position is defined for a given site as the ratio of the number of grid cells with higher elevation than that site to the total number of

grid cells in a prescribed neighborhood of analysis.51 It ranges from 1 (deepest valley) to 0 (highest peak). The prescribed neighborhood of analysis

is taken as 30 km × 30 km.31
dministration (CMA) on the Qinghai–Tibet Plateau used for evaluation
MAAT average used in this study (blue) as well as in the PZIglobal map
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A.2 | Downscaled MAAT evaluation
In total, 87 meteorological stations from China Meteorological Administration (CMA) with total of 1826 MAAT observations during 1979–1999

were used for evaluating downscaled MAAT. Figure A1 shows plots of observations against the downscaled MAAT, and demonstrates that the

downscaled MAAT is a good approximation of the air temperature over the QTP, with the R2, RMSE and BIAS of 0.92, 1.14 °C and 0.10 °C,

respectively. This line of reasoning may be somewhat circular as some of the observations used here are assimilated in the ERA‐Interim,52 but

it nevertheless gives a valuable indication of the quality of the data product after downscaling to about 1 km.

APPENDIX B

SNOW WATER EQUIVALENT EVALUATION

The performance of two most widely used snow water equivalent (SWE) products, GlobSnow (version 2)53 and ASMR‐E,54 over the Qinghai–Tibet

Plateau discussed in this study. As the mountains were masked from GlobSnow due to poor reliability and the SWE was set as 0 mm for the areas

below about 35°N, it does not cover the entire QTP (Figure B1a). For AMSR‐E, the SWE equivalent was evaluated using the observations of 87

meteorological stations from CMA. The low R2 (0.02), high RMSE (13.47) and BIAS (−6.55 mm) indicate considerable uncertainty of AMSR‐E for

the QTP (Figure B1b). As a consequence, no SWE products were used in this study.
FIGURE B1 (a) Median of annual maximum snow water equivalent (SWE) from GlobSnow2 during 1979–1999 shown on the hillshade and 87
meteorological stations of CMA on the Qinghai–Tibet Plateau used for the evaluation of AMSR‐E SWE (2002–2010). (b) Monthly AMSR‐E SWE
compared to observations (OBS)


