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Abstract: Condensation and desublimation are important processes of nocturnal land–atmosphere
interactions, energy transfer, and the water cycle, and have important ecological and hydrological
roles in mitigating physiological water deficits caused by low temperatures and reducing the risk
of frost damage to plants, animals, and microorganisms near the surface in the Alpine Region. The
aim of the present study is to evaluate the spatial and temporal variations of condensation and
desublimation from 1950 to 2020 based on Penman model using hourly ERA5-Land and ERA5
reanalysis datasets on the Qinghai–Tibet Plateau (QTP), where condensation and desublimation occur
frequently but lack quantitative evaluation. The results showed that: (1) Condensation showed a
decreasing trend from southeast to northwest, with annual mean condensation ranging from 0 mm
to 72.8 mm, while desublimation showed regional enrichment rather than zonal variation, with the
annual mean desublimation ranging from 0 mm to 23.6 mm; (2) At 95% confidence level, condensation
showed a significant increasing trend in the central and western QTP, while desublimation showed a
significant decreasing trend in most regions of the QTP, and the decreasing trend of desublimation was
more obvious than the increasing trend of condensation; (3) Both condensation and desublimation
showed significant seasonal characteristics; the maximum monthly condensation was 2.37 mm and
the monthly mean condensation was 0.70 mm, while the maximum monthly desublimation was
1.45 mm and the monthly mean desublimation was 0.95 mm; (4) The annual mean condensation was
8.45 mm, with an increasing trend of 0.24 mm/10a, the annual mean desublimation was 11.45 mm,
with a decreasing trend of−0.26 mm/10a, and the total annual mean condensation and desublimation
was 19.89 mm, with a weak decreasing trend on the QTP; (5) The increase in condensation is most
associated with the increase in precipitation, while the decrease in desublimation is most associated
with the increase in air temperature on the QTP.

Keywords: condensation; desublimation; land–atmosphere interactions; latent heat flux; ERA5-Land;
Qinghai–Tibet Plateau

1. Introduction

Condensation and desublimation are both phase transition processes of gaseous water
after radiation cooling, where condensation is the process of supersaturation of gaseous
water to liquid water [1,2], while desublimation is the process of supersaturation of gaseous
water to solid water directly [3]. The main difference between condensation and desublima-
tion is whether the dew point temperature is above or below 0 ◦C when the gaseous water
is supersaturated. That is, when the dew point temperature is equal to or greater than 0 ◦C,
the supersaturation of gaseous water leads to condensation, while when the dew point
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temperature is below 0 ◦C, the supersaturation of gaseous water leads to desublimation [4].
Both condensation and desublimation are processes of water transfer from the air to the
surface (downward water transfer), as opposed to evaporation and sublimation, which are
processes of water transfer from the surface to the air (upward water transfer) [5]. Evapora-
tion and sublimation occur mainly during the day and result in water loss near the surface,
while condensation and desublimation occur mainly at night and result in water input
near the surface [6,7]. Due to the large difference in the intensity of daytime and nighttime
land–atmosphere interactions, results in condensation and desublimation are of a much
smaller order of magnitude than evaporation and sublimation [5]. Therefore, condensation
and desublimation are often neglected in the study of land–atmosphere interactions.

Although much smaller in order of magnitude than evaporation and sublimation,
condensation and desublimation have specific ecological and hydrological roles. Conden-
sation and desublimation are often specifically referred to as dew and hoarfrost, respec-
tively, and are often considered to be important components of non-rainfall water inputs
(NRWI) [8–11]. The ecological and hydrological roles of condensation and desublimation
can usually be summarized in two aspects: on the one hand, condensation (dew) is an
effective source of water for plants, animals, and microorganisms in arid and semi-arid
regions and in other regions during the dry season, and is ecologically important for al-
leviating water stress and maintaining ecosystem functioning in these regions [4,11]. On
the other hand, the release of large amounts of latent heat when condensation (dew) and
desublimation (hoarfrost) occur can alleviate the temperature stress caused by low tem-
peratures, and plays an ecological role in protecting plants, animals, and microorganisms
from frost damage [4,12]. Therefore, the study of condensation and desublimation not
only provides a clearer understanding of land–atmosphere interactions, energy transfer,
and water cycles near the surface, but also contributes to the understanding of ecosystem
functioning mechanisms.

The main limitations to the study of condensation and desublimation are not only their
small magnitude, but also their difficulty of measurement [7,13,14]. For the measurement
of condensation and desublimation, direct weighing of condensation and desublimation
amounts is the more commonly used method [15–17], but this method is not suitable for
long periods of time and large spatial scales. Due to condensation and desublimation
both being phase transitions of gaseous water, which are accompanied by the release of
latent heat, the observation or calculation of latent heat flux to estimate the condensation
and desublimation iares the most effective indirect methods at present [4,13,18,19]. The
common methods for estimating condensation and desublimation based on the observa-
tion or calculation of latent heat flux include the Eddy Covariance method [20,21], the
Bowen Ratio Energy Balance method [7,18], the Aerodynamic method [22] and the Penman
model [12,23,24]. Among these methods, the Penman model was chosen for the present
study to calculate the latent heat flux because of its applicability and easy access to parame-
ters. When the latent heat flux is negative, it indicates the occurrence of condensation or
desublimation, while when the latent heat flux is positive, it indicates the occurrence of
evaporation or sublimation.

Located in South-Central Asia, the QTP is the highest plateau in the world with its
average altitude. The high altitude leads to a unique type of plateau climate on the QTP,
characterized by strong radiation, low temperatures and greater diurnal temperature dif-
ference, which result in condensation and desublimation occurring more frequently [25].
However, the harsh environment and complex topography have led to the sparse meteoro-
logical stations, limiting the study of land–atmosphere interactions, such as condensation
and desublimation on the QTP [26–28]. With the development of remote sensing and the
data assimilation principle, the produced reanalysis datasets compensate for the scarcity
of meteorological stations on the QTP, providing sufficient data support for large-scale,
high-precision studies of land–atmosphere interactions, energy transfer and water cycle on
the QTP [29]. In view of this, this study uses the ERA5-Land and ERA5 reanalysis datasets
with high spatial and temporal resolution to conduct condensation and desublimation eval-
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uation, which is useful for improving the understanding of land–atmosphere interactions,
energy transfer, and water cycles on the QTP. Climate change and global warming are
already indisputable facts nowadays, with the changes in temperature and precipitation
having attracted widespread attention [30–32]. Climate change and global warming have
caused changes in land surface processes such as evaporation and sublimation, however,
the effects of climate change and global warming on condensation and desublimation
processes are not yet known. The QTP is a sensitive area for climate change and global
warming, and the effects of climate change and global warming on condensation and
desublimation may be more significant, so it is necessary to quantitatively evaluate the
variations of condensation and desublimation on the QTP under climate change.

In the present study, the spatial and temporal variations of condensation and desubli-
mation on the QTP during 1950~2020 were evaluated based on the Penman model using
the hourly meteorological variables from ERA5-Land and ERA5 reanalysis datasets. The
main objectives of this study are (1) to evaluate the magnitude of condensation and desub-
limation, (2) to analyze the spatial variations of condensation and desublimation, (3) to
quantify the temporal variations of condensation and desublimation, and (4) to discuss
the impact of condensation and desublimation on alpine ecosystem on the QTP under
climate change.

2. Materials and Methods
2.1. Study Area

Located in South-Central Asia, the QTP is the highest plateau in the world by average
altitude, and has long been known as the Roof of the World. With an average altitude of
over 4000 m, the QTP has developed an alpine climate characterized by strong radiation,
low temperatures, and large temperature differences between day and night. The extremely
cold climate has led to the widespread glaciers, snow cover, and permafrost on the QTP,
which is the source of many rivers in Asia, so it is thus also known as the Water Tower of
Asia [33].

The annual mean temperature of the QTP is approximately −2.5 ◦C and the annual
mean precipitation is approximately 380 mm. Both temperature and precipitation show
significant seasonal differences, with high temperature and high precipitation in summer
and low temperature and low precipitation in winter. In addition, both temperature and
precipitation have a decreasing trend from southeast to northwest, and the temperature
has a clear tendency to decrease with increasing altitude, while precipitation has the
characteristic of increasing with increasing altitude [34]. Due to the spatial pattern of
temperature and precipitation, the vegetation cover also has a decreasing trend from
southeast to northwest and decreasing with increasing altitude on the QTP [35].

Due to the complex topography and harsh climatic conditions, the meteorological sta-
tions are sparsely distributed within the QTP; therefore, the reanalysis datasets produced by
the data assimilation principle based on models and observations, effectively complements
the lack of data for land surface process studies, such as condensation, desublimation,
evaporation, and sublimation.

The unique climatic characteristics lead to frequent water and heat exchange, espe-
cially influenced by climate warming in recent decades, which has accelerated the energy
transfer and water cycle within the QTP, while the frequency and rate of condensation and
desublimation, as well as evaporation and sublimation, are increasing. Therefore, it is im-
portant to evaluate the spatial and temporal variations of condensation and desublimation
to improve the understanding of the variations in the land–atmosphere interactions, energy
transfer, and water cycles on the QTP.
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2.2. Datasets
2.2.1. ERA5-Land and ERA5 Reanalysis Datasets

Two reanalysis datasets, ERA5-Land and ERA5, were used as data input for this
study. Among these, ERA5 is the fifth generation of the European Centre for Medium-
range Weather Forecasts (ECMWF) reanalysis for the global climate and weather for the
past 4 to 7 decades, which combines model data with observations from across the world
into a globally complete and consistent dataset using data assimilation principle [36,37].
Compared to ERA5, ERA5-Land provides a consistent view of the evolution of land
variables over several decades at an enhanced resolution [38–40]. ERA5 provides hourly
estimates for a large number of atmospheric, ocean-wave, and land-surface quantities,
while ERA5-Land has been produced by replaying the land component of the ERA5
climate reanalysis. Although no additional data assimilation was performed in ERA5-
Land compared to ERA5, ERA5-Land produced at a higher resolution and forceed by
ERA5 atmospheric parameters with lapse rate correction. Therefore, ERA5-Land has
better applicability than ERA5 in the analysis of land surface processes [28]. According
to the method of Penman model parameter calculation, eight variables from ERA5-Land
and one variable from ERA5 were selected as meteorological variables needed for model
parameter calculation in this study, and the details of all selected meteorological variables
are listed in Table 1. In order to keep the spatial resolution uniform for all meteorological
variables, the friction velocity from ERA5 was resampled to a spatial resolution of 0.1◦. In
addition, the total precipitation from ERA5-Land was used in order to assess the variations
of precipitation on the QTP.

Table 1. Meteorological variables required from ERA5-Land and ERA5 reanalysis datasets.

Meteorological Variables Symbols Units Spatial Resolution Temporal Resolution Datasets

2 m temperature Ta K 0.1◦ × 0.1◦ Hourly ERA5-Land
2 m dewpoint temperature Td K 0.1◦ × 0.1◦ Hourly ERA5-Land
10 m u-component of wind u m s−1 0.1◦ × 0.1◦ Hourly ERA5-Land
10 m v-component of wind v m s−1 0.1◦ × 0.1◦ Hourly ERA5-Land

Surface pressure Pa Pa 0.1◦ × 0.1◦ Hourly ERA5-Land
Surface net solar radiation Rs J m−2 0.1◦ × 0.1◦ Hourly ERA5-Land

Surface net thermal radiation Rt J m−2 0.1◦ × 0.1◦ Hourly ERA5-Land
Skin temperature Ts K 0.1◦ × 0.1◦ Hourly ERA5-Land
Friction velocity u* m s−1 0.25◦ × 0.25◦ Hourly ERA5

Total precipitation pre m 0.1◦ × 0.1◦ Hourly ERA5-Land

2.2.2. Observed Meteorological Variables

To verify the accuracy of the Penman model for estimating condensation and desub-
limation using nine meteorological variables as inputs from the ERA5-Land and ERA5
reanalysis datasets, the monthly and annual condensation and desublimation estimated
by the Penman model were compared with those observed by the Eddy Covariance at
nine flux stations on the QTP, respectively. The locations of the nine flux stations on the
QTP are shown in Figure 1, and the basic information of each station is shown in Table 2.
The meteorological variables observed by the nine flux stations used include temperature,
relative humidity, and latent heat flux, which obtained from the datasets of a long-term
dataset of integrated land-atmosphere interaction observations on the Tibetan Plateau
(2005–2016) [41,42] and the datasets of Heihe integrated observatory network [43–45], at
the National Tibetan Plateau Data Center.
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Figure 1. Overview of the Qinghai–Tibet Plateau and the location of nine flux stations.

For comparison, the latent heat flux observed by Eddy Covariance collected from
the nine flux stations on the QTP was converted into condensation and desublimation
as measured condensation and desublimation, based on the relationship between latent
heat flux and moisture transport (Equation (5)). The reason why we choose the observed
condensation and desublimation by Eddy Covariance as the measured condensation and
desublimation is that the Eddy Covariance technique is currently recognized as a flux ob-
servation technique with a high degree of confidence [46]. The dew point temperature was
used to distinguish between measured condensation and measured desublimation. When
the dew point temperature is below 0 ◦C, the downward water transfer is condensation,
while when the dew point temperature is greater than or equal to 0 ◦C, the downward
water transfer is desublimation. The dew point temperature was calculated according to
the method recommended by the FAO [47], which has the general form of:

Td =
116.91 + 237.3 · ln(ea)

16.78− ln(ea)
(1)

where ea is the actual water vapor pressure (kPa), which is calculated as follows:

es = 0.6108 · exp
(

17.27 · Ta

237.3 + Ta

)
(2)

ea =
es · RH

100
(3)

where es is the saturation water vapor pressure (kPa), Ta is the air temperature (◦C), and
RH is the relative humidity (100%).

Table 2. Information of the nine flux stations and the required meteorological variables on the QTP.

Station Name Longitude Latitude Elevation Meteorological
Variables

Temporal
Resolution Period

◦ ◦ m ◦C, %, W m−2

Nagqu 91.90 31.37 4509 Ta, RH, λE Hourly 2005~2016
Qomolangma 86.95 28.36 4298 Ta, RH, λE Hourly 2005~2016
Southeast QTP 94.74 29.77 3327 Ta, RH, λE Hourly 2005~2016

Ngari 79.70 33.39 4270 Ta, RH, λE Hourly 2005~2016
Muztagh 75.03 38.42 3668 Ta, RH, λE Hourly 2005~2016
Namtso 90.96 30.77 4730 Ta, RH, λE Hourly 2005~2016
Xiyinghe 101.86 37.56 3616 Ta, RH, λE Half-hour 2016~2020

Jingyangling 101.12 37.84 3750 Ta, RH, λE Half-hour 2016~2020
Dashalong 98.94 38.84 3739 Ta, RH, λE Half-hour 2016~2020
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2.3. Methods

In the present study, the above-mentioned eight meteorological variables from the
ERA5-Land reanalysis dataset and one meteorological variable from the ERA5 reanalysis
dataset (Table 1) were used as inputs to calculate the latent heat flux based on the Penman
model. According to the rules of the Penman model, when the latent heat flux is negative,
it indicates the transport of moisture from the air to the surface, which represents the
occurrence of condensation or desublimation.

The premise of calculating latent heat flux based on the Penman model is that the
surface of ground or feature is in a sufficiently wet state; otherwise, both negative and posi-
tive latent heat flux represent potential latent heat flux, such as potential evaporation [48].
When the surface temperature is equal to or lower than the dew point temperature, the
near-surface air reaches saturation and supersaturation, at which point the surface of the
ground or feature can be considered to be in a wet state, satisfying the conditions for the
applicability of the Penman model [4]. Therefore, the negative latent heat flux calculated
based on the Penman model can represent the actual condensation and desublimation only
when the surface temperature is equal to or lower than the dew point temperature. Where
the negative latent heat flux represents the occurrence of condensation when the dew point
temperature is greater than or equal to 0 ◦C, and the negative latent heat flux represents
the occurrence of desublimation when the dew point temperature is lower than 0 ◦C.

Based on the results of condensation and desublimation calculated by the Penman
model, the MK trend test and Sen’s slope analysis, as well as other common numerical
statistical methods, were used to quantify the condensation and desublimation at different
time scales, thus providing a more comprehensive understanding of the spatial and tem-
poral variations of condensation and desublimation on the QTP during 1950~2020. The
specific flow of this study is given by Figure 2.
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2.3.1. Penman Model

The Penman model has a good physical basis with two parts, the thermal term on the
left and the dynamic term on the right [48,49], with the form:

λE =
∆(Rn − G0)

∆ + γ
+

ρacp(es − ea)/ra

∆ + γ
(4)

where λE (W m−2) is the latent heat flux, ∆ (kPa ◦C−1) is the slope of the saturation vapor
pressure curve, Rn (W m−2) is the net radiation flux, G0 (W m−2) is the surface soil heat flux,
ρa (kg m−3) is the air density, cp (J kg−1 ◦C−1) is the specific heat of air at constant pressure,
here the value of 1013 J kg−1 ◦C−1 is used. es (kPa) is the saturated vapor pressure, ea (kPa)
is the actual vapor pressure, ra (m s−1) is the aerodynamic resistance of vapor transport,
and γ (kPa ◦C−1) is the psychrometric constant. All the model parameters are on the hourly
timescale. The negative latent heat flux is converted to condensation or desublimation by:

E =
A
ρ

λE
λ

(5)

where E (mm) is the hourly water equivalent of condensation or desublimation, λ (MJ kg−1)
is the latent heat of vaporization or sublimation, A (s) is the time interval of hourly me-
teorological variables, and ρ (kg m−3) is the water density. By accumulating the hourly
condensation and desublimation, the monthly and annual condensation and desublimation
used for quantitative analysis can be obtained. The parameters for the Penman model and
their calculation methods are listed in detail by Table 3, and the required meteorological
variables are listed in detail by Table 1.

Table 3. Parameters for the Penman model and their calculation method.

Model Parameters Symbols Units Calculation Methods References

Slope of saturation vapor
pressure curve ∆ kPa ◦C−1 ∆ = 4098·es

(237.3+Ta)
2 [50,51]

Net radiation Rn W m−2 Rn = Rs + Rt [47,52]

Surface soil heat flux G0 W m−2 G0 = 0.5 · Rn (Rn ≤ 0) [47,52]

Air density ρa kg m−3 ρa = 1.293 Pa
Patm

273.15
273.15+Ta

[53,54]

Specific heat of air at
constant pressure cp J kg−1 ◦C−1 1013 [47]

Saturated vapor pressure es kPa es = 0.6108 · exp( 17.27·Ta
237.3+Ta

) [50,55]

Actual vapor pressure ea kPa ea = 0.6108 · exp( 17.27·Td
237.3+Td

) [50,55]

Aerodynamic resistance of
vapor transport ra m s−1 ra =

√
u2+v2

u∗2

(
4.87

ln(67.8z−5.42)

)
(Rn ≤ 0) [47,52,56]

Height of wind component z m 10 [38–40]

Psychrometric constant γ kPa ◦C−1
γ =

 0.665× 10−3Pa Td > 0

0.588× 10−3Pa Td ≤ 0
[47,52]

Latent Heat of
Vaporization/Sublimation λ MJ kg−1

λ =

 2.501− (2.361× 10−3)Ta Td > 0

2.835− (2.361× 10−3)Ta Td ≤ 0
[47,52]

Time interval A s 3600 Constant

Water density ρ kg m−3 1000 Constant
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2.3.2. MK Trend Test

To analyze the trend of condensation and desublimation, the Mann–Kendall (MK)
trend test [57–60] was used to quantify the trend and its significance of condensation and
desublimation on the QTP during 1950~2020. The MK trend test is performed as follows:

S = ∑n−1
i=1 ∑n

j=i+1 sgn(xj − xi) (6)

sgn(xj − xi) =


1
0
−1

(xj − xi) > 0
(xj − xi) = 0
(xj − xi) < 0

(7)

var(S) =
n(n− 1)(2n + 5)−∑m

k=1 tk(tk − 1)(2tk + 5)
18

(8)

Zc =


(S− 1)/

√
var(S)

0

(S + 1)/
√

var(S)

S > 0
S = 0
S < 0

(9)

where S is the statistic of the dataset, n is the length of the dataset, xi and xj are the sequential
data values in time series i and j, m is the number of tied groups, and tk denotes the number
of ties of extent k and a tied group is a set of sample data having the same value, Zc is
the standardized statistics of the dataset, and the positive Zc indicates an increasing trend
of the dataset, while the negative values Zc indicate a decreasing trend of the dataset. If
|Zc| > Z1−α/2, the trend is statistically significant, otherwise, the trend is not statistically
significant. Trend test of condensation and desublimation was done at the significance level
of α = 0.05 (|Z1−α/2| = 1.96, 95% confidence level), i.e., when the Zc of condensation or
coagulation was greater than 1.96, it indicates that condensation or desublimation shows a
significant increasing trend, while when the Zc of condensation or desublimation was lower
than −1.96, it indicates that condensation or desublimation shows a significant decreasing
trend; otherwise, there was no significant trend of condensation or desublimation.

2.3.3. Sen’s Slope Analysis

The magnitude of the trend (i.e., slope in variation per unit time) of condensation
and desublimation was determined using a non-parametric method known as Sen’s slope
analysis [59–61], and the slope is expressed as:

β = Median(
xj − xi

j− i
) 1 < i < j < n (10)

where β is the slope of the dataset, a positive β denotes an increasing trend of condensation
or desublimation, while a negative β means a decreasing trend of condensation or desubli-
mation. A larger value of |β| means a greater increase or decrease in condensation and
desublimation.

3. Results
3.1. Accuracy of Estimated Condensation and Desublimation

The comparison of the monthly condensation and desublimation measured by the
Eddy Covariance with those estimated by the Penman model at nine flux stations on
the QTP is shown in Figures 3 and 4, respectively. As can be seen from Figure 3, the
coefficient of determination (R2) between estimated and measured monthly condensation
is greater than or equal to 0.55 for all stations, indicating that the Penman model with
nine meteorological variables from ERA5-Land and ERA5 reanalysis datasets as inputs has
good applicability in estimating monthly condensation on the QTP. Among the nine flux
stations on the QTP, the largest R2 between estimated and measured monthly condensation
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is 0.94 for Xiyinghe station, the smallest R2 between estimated and measured monthly
condensation is 0.55 for Ngari station, and the average R2 between estimated and measured
monthly condensation is 0.82 for all stations.
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Figure 3. Comparison of estimated and measured monthly condensation at the nine flux stations on
the QTP.

Compared with the R2 between estimated and measured monthly condensation, the
R2 between estimated and measured monthly desublimation is much smaller at the nine
flux stations on the QTP (Figure 4). As can be seen from Figure 4, the R2 between estimated
and measured monthly desublimation is less than or equal to 0.71 for all stations, indicating
that the Penman model with nine meteorological variables from ERA5-Land and ERA5
reanalysis datasets as inputs is less applicable in estimating monthly desublimation than
in estimating monthly condensation on the QTP. Among the nine flux stations on the
QTP, the largest R2 between estimated and measured monthly desublimation is 0.71 for
Qomolangma station, the smallest R2 between estimated and measured monthly desubli-
mation is 0.46 for Xiyinghe station, and the average R2 between estimated and measured
monthly desublimation is 0.59 for all stations.

Although the R2 between estimated and measured monthly condensation is higher
than the R2 between estimated and measured monthly desublimation, the R2 between
estimated and measured annual condensation is much smaller than the R2 between esti-
mated and measured annual desublimation, as shown in Figure 5. The average R2 between
estimated and measured annual condensation for all stations is 0.56, while the average R2

between estimated and measured annual desublimation is 0.91.
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Figure 4. Comparison of estimated and measured monthly desublimation at the nine flux stations on
the QTP.

Clearly, the Penman model with nine meteorological variables from ERA5-Land and
ERA5 as inputs is more accurate for estimating monthly condensation than for estimating
annual condensation, and less accurate for estimating monthly desublimation than for
estimating annual desublimation. Overall, the accuracy of the estimated monthly and
annual condensation and desublimation is adequate for the study.
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Figure 5. Comparison of estimated and measured annual condensation, annual desublimation at all
flux stations on the QTP.

3.2. Spatial Distribution of Condensation and Desublimation

The spatial distribution characteristics of annual mean condensation, annual mean
desublimation, and annual mean total condensation and desublimation on the QTP from
1950 to 2020 and their standard deviations are shown in Figure 6. As can be seen in
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Figure 6a, the annual mean condensation on the QTP showed a decreasing trend from
southeast to northwest, with a large difference between the annual condensation in the
southeast and northwest, and the annual mean condensation ranges from 0 mm to 72.8 mm.
However, areas with condensation between 36 mm and 72.8 mm account for less than 5%
of the total area of the QTP. The areas with the highest annual condensation were in the
southeastern river valleys, and the areas with the lowest annual condensation were in the
Northwest QTP and the Tsaidam Basin. The spatial distribution of the standard deviation
of annual condensation was basically consistent with that of annual mean condensation,
and the greater the annual mean condensation, the greater the standard deviation of annual
condensation, and vice versa (Figure 6d).
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Figure 6. Spatial distribution characteristics of annual mean condensation, annual mean desublima-
tion and annual total mean condensation and desublimation from 1950 to 2020 and their standard
deviations. (a) Annual mean condensation; (b) Annual mean desublimation; (c) Annual mean
total condensation (Con) and desublimation (Des); (d) the Standard divisions of annual condensa-
tion; (e) the Standard divisions of annual desublimation; (f) the Standard divisions of annual total
condensation and desublimation.
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Unlike the spatial distribution characteristics of annual mean condensation, the spatial
distribution of annual mean desublimation did not have zonal characteristics seen in
Figure 6b. The annual mean desublimation in the Qiangtang Plateau, Tsaidam Basin, and
the eastern edge of the QTP were significantly lower than those in other regions. The
annual mean desublimation on the QTP as a whole ranges from 0 mm to 23.6 mm, and
the difference in annual mean desublimation between regions is much smaller than that
of annual mean condensation. The spatial distribution of the standard deviation of the
annual desublimation was not consistent with the spatial distribution of the annual mean
desublimation, and the standard deviations were small overall (Figure 6e).

Influenced by the spatial distribution of annual mean condensation and annual mean
desublimation, the spatial distribution of total annual mean condensation and desublima-
tion showed obvious regional differences, i.e., the southeastern and northeastern parts of
the QTP were the regions with the largest total condensation and desublimation, followed
by the Qiangtang Plateau and the lowest in the Tsaidam Basin (Figure 6c). The range of the
total annual mean condensation and desublimation for the whole QTP was from 0 mm to
76.8 mm, but only less than 5% of the areas have the total annual mean condensation and
desublimation exceeding 45 mm. In addition, the spatial distribution characteristics of the
standard deviation of the total annual condensation and desublimation were consistent
with the spatial distribution of the annual condensation, with the Qiangtang Plateau being
the region with the larger standard deviation of the total annual condensation and desubli-
mation, and the Tsaidam Basin being the region with the smaller standard deviation of the
total annual condensation and desublimation (Figure 6f).

3.3. Spatial Trends of Condensation and Desublimation

In order to quantify the spatial trends of condensation, desublimation, and total
condensation and desublimation on the QTP, a significance analysis based on MK trend
test and magnitude of the trends based on Sen’s slope analysis were conducted for annual
condensation, annual desublimation, and total annual condensation and desublimation as
shown in Figure 7. As can be seen from Figure 7a, the annual condensation showed a clear
increasing trend in the central part of the QTP, and only a small part of the northeastern
QTP showed a clear decreasing trend, while the annual condensation in other regions did
not show a clear trend. In addition, it can also be seen from Figure 7d that the annual
condensation showed an increasing trend in most regions of the QTP and a decreasing trend
in the Tsaidam Basin and the eastern and southern margins of the QTP, with a maximum
increase rate of 1.70 mm/10a and a maximum decrease rate of −1.16 mm/10a.

Figure 7b shows that the annual desublimation showed a significant decreasing trend
in most regions of the QTP, and only in a very small part of the eastern QTP showed a
significant increasing trend. The magnitude of the annual desublimation trend in Figure 7e
also indicates that desublimation showed a decreasing trend in the majority of the QTP, with
a maximum decrease rate of −0.9 mm/10a and a maximum increase rate of 0.43 mm/10a.

Since the decreasing trend of desublimation on the QTP was more significant than the
increasing trend of condensation, the decreasing trend of total condensation and desublima-
tion was more obvious than the increasing trend shown in Figure 7c. The total condensation
and desublimation showed a regionally significant decreasing trend in the northeastern
QTP, and southeastern QTP and the Qiangtang Plateau, while the increasing trend of total
condensation and desublimation was not regional, and the maximum decreasing rate of
annual condensation and desublimation was −1.49 mm/10a and the maximum increasing
rate was 1.62 mm/10a.
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Figure 7. Significance and magnitude of the trend of annual condensation, annual desublimation,
and annual total condensation and desublimation from 1950 to 2020 based on MK trend test (95% con-
fidence level) and Sen’s slope analysis. (a) Trend test of condensation; (b) Trend test of desublimation;
(c) Trend test of total condensation (Con) and desublimation (Des); (d) Sen’s slope of condensation;
(e) Sen’s slope of desublimation; (f) Sen’s slope of total condensation and desublimation.

3.4. Spatial Variations in Condensation and Desublimation

To better visualize the spatial variation characteristics of condensation and desubli-
mation on the QTP, the percentage change of condensation and desublimation in the last
two decades compared to the first two decades of the study period from 1950 to 2020 was
quantified, as shown in Figure 8. From Figure 8a,b, it is clear that the increasing proportion
of annual condensation on the QTP has an increasing trend from southeast to northwest,
while the decreasing proportion of annual desublimation and the decreasing proportion
of total annual condensation and desublimation showed a regional rather than a zonal
pattern. In general, in the last two decades compared to the first two decades of the QTP
from 1950 to 2020, the mean percentage increase of annual condensation was 19.6%, the
mean percentage decrease of annual desublimation was 11.5%, and the mean percentage
decrease of annual total condensation and desublimation was 4.6%.



Remote Sens. 2022, 14, 5815 14 of 23

Remote Sens. 2022, 14, x FOR PEER REVIEW 14 of 23 
 

 

of annual condensation on the QTP has an increasing trend from southeast to northwest, 
while the decreasing proportion of annual desublimation and the decreasing proportion 
of total annual condensation and desublimation showed a regional rather than a zonal 
pattern. In general, in the last two decades compared to the first two decades of the QTP 
from 1950 to 2020, the mean percentage increase of annual condensation was 19.6%, the 
mean percentage decrease of annual desublimation was 11.5%, and the mean percentage 
decrease of annual total condensation and desublimation was 4.6%. 

 
Figure 8. Proportional variations in annual condensation, annual desublimation and annual total 
condensation and desublimation on the QTP in the last two decades compared to the first two dec-
ades, from 1950 to 2020. 

3.5. Monthly Variations in Condensation and Desublimation 
Figure 9 shows the monthly variations of condensation, desublimation, and the total 

condensation and desublimation averaged over 1950~2020. From Figure 9a, it can be seen 
that condensation showed obvious seasonal differences, i.e., the summer was the season 
with the highest amount of condensation, while the winter was the season with the lowest 
amount of condensation. The August was the month with the highest amount of conden-
sation of 2.37 ± 0.44 mm, and January was the month with the lowest amount of conden-
sation of 0.02 mm, which was almost negligible. As can be seen from Figure 9b, the de-
sublimation also showed a clear seasonality, but the seasonality of desublimation was dif-
ferent from the seasonality of condensation, i.e., there were two seasons in the year when 
desublimation was enriched, namely, spring and autumn, in which the month with the 
highest amount of desublimation was October of 1.45 ± 0.2 mm, and the month with the 
lowest amount of desublimation was July of 0.5 ± 0.15 mm. The monthly variations of the 
total condensation and desublimation was influenced by the monthly variations of con-
densation and desublimation, with July to September being the period of maximum total 

Figure 8. Proportional variations in annual condensation, annual desublimation and annual total
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3.5. Monthly Variations in Condensation and Desublimation

Figure 9 shows the monthly variations of condensation, desublimation, and the total
condensation and desublimation averaged over 1950~2020. From Figure 9a, it can be
seen that condensation showed obvious seasonal differences, i.e., the summer was the
season with the highest amount of condensation, while the winter was the season with
the lowest amount of condensation. The August was the month with the highest amount
of condensation of 2.37 ± 0.44 mm, and January was the month with the lowest amount
of condensation of 0.02 mm, which was almost negligible. As can be seen from Figure 9b,
the desublimation also showed a clear seasonality, but the seasonality of desublimation
was different from the seasonality of condensation, i.e., there were two seasons in the year
when desublimation was enriched, namely, spring and autumn, in which the month with
the highest amount of desublimation was October of 1.45 ± 0.2 mm, and the month with
the lowest amount of desublimation was July of 0.5 ± 0.15 mm. The monthly variations
of the total condensation and desublimation was influenced by the monthly variations of
condensation and desublimation, with July to September being the period of maximum total
condensation and desublimation, while December to February of the following year was
the period of minimum total condensation and desublimation (Figure 9c). The maximum
amount of the total condensation and desublimation was in August, with an average value
of 2.97 ± 0.37 mm, and the minimum amount of the total condensation and desublimation
was in February, with an average value of 0.77 ± 0.10 mm.
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Although the monthly maximum amount of condensation was much larger than the
monthly maximum amount of desublimation, the monthly mean amount of desublimation
was larger than the monthly mean amount of condensation. The monthly mean amount of
condensation was 0.70 mm, the monthly mean amount of desublimation was 0.95 mm, and
the monthly mean total amount of condensation and desublimation was 1.66 mm.

3.6. Annual Variations in Condensation and Desublimation

The variations of annual condensation, annual desublimation, and their sums for
the entire region of the QTP are shown in Figure 10. From Figure 10a, it is clear that
the annual desublimation showed a continuous decreasing trend, while the annual con-
densation fluctuated more in the initial years and then showed a continuous increasing
trend. The rate of decrease of desublimation was −0.26/10a and the rate of increase of
condensation in the later years was 0.24/10a. Since the absolute value of the decrease rate
of annual desublimation was greater than the increase rate of annual condensation, the
total annual condensation and desublimation also showed a weak decreasing trend, as
shown in Figure 10b. Furthermore, it can be found from Figure 10a that the increase in
annual condensation will exceed the decrease in annual desublimation in recent years,
and the increase in condensation will dominate in the future, and the annual total con-
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densation and desublimation will change from a decreasing trend to an increasing trend.
It can also be found in Figure 10a that the annual mean desublimation was greater than
the annual mean condensation, with annual mean desublimation of 11.45 ± 0.85 mm and
annual mean condensation of 8.45 ± 0.94 mm, for annual mean total condensation and
desublimation of 19.89 ± 1.2 mm. The higher annual mean desublimation than the annual
mean condensation reflects the cold climate characteristics of the QTP, while the increasing
trend of condensation and decreasing trend of desublimation also reflect the warming of
the regional climate.
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Figure 10. Variations of annual condensation, annual desublimation, and annual total condensation
and desublimation. (a) Annual variations of condensation and desublimation; (b) Annual variations
of the total condensation and desublimation. kC represents the rate of variation in annual condensa-
tion, kD represents the rate of variation in annual condensation, and kT represents the rate of variation
in annual total condensation and condensation.

3.7. Influencing Factors of Condensation and Desublimation Variations

The occurrence of condensation and condensation is the result of a combination of
meteorological factors, among which temperature and relative humidity are the most
important meteorological variables affecting the occurrence of condensation and desub-
limation. Since the relative humidity is closely related to variations in air temperature
and precipitation, the current study focuses on analyzing the variations in air temperature,
precipitation, and the relationship between variations in condensation and desublimation
and variations in air temperature and precipitation on the QTP.

As shown in Figure 11a,d, the annual mean temperature and annual precipitation
showed an overall increasing trend, but both trends were phased, i.e., both the annual mean
temperature and annual precipitation showed a decreasing trend followed by an increasing
trend on the QTP from 1950 to 2020. Since the 1970s, the average annual temperature has
been increasing at a rate of 0.25 ◦C/10a, and the annual precipitation has been increasing at
a rate of 13.02 mm/10a. From 1950 to 2020, the mean annual temperature was −3.95 ◦C
and the mean annual precipitation was 388 mm of the QTP.
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Figure 11. Variations in annual mean temperature and annual precipitation, and the correlation
between annual condensation, annual desublimation, and annual mean temperature, annual precipita-
tion on the QTP from 1950 to 2020. (a) Annual mean temperature; (b) The correlation between annual
condensation and annual mean temperature; (c) The correlation between annual desublimation and
annual mean temperature; (d) Annual precipitation; (e) The correlation between annual condensation
and annual precipitation; (f) The correlation between annual desublimation and annual precipitation.

From Figures 10a and 11a,b, it can be seen that the variations in annual mean tempera-
ture and annual precipitation are more consistent with the variations in annual conden-
sation. In addition, from Figure 11b,c,e,f, it can be seen that there is a positive correlation
between annual mean temperature, annual precipitation, and annual condensation, and
a negative correlation with annual desublimation, indicating that the increase in annual
mean temperature and annual precipitation is favorable to the occurrence of condensation
and unfavorable to the occurrence of desublimation on the QTP.

The above results show that the increase in annual condensation is most correlated
with the increase in annual precipitation, while the decrease in desublimation is most
correlated with the increase in temperature, and the increase in precipitation is the dom-
inant meteorological variable in the increasing trend of annual condensation, while the
increase in temperature is the dominant meteorological variable in the decreasing trend of
annual desublimation.
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4. Discussion
4.1. Uncertainty in the Evaluation of Condensation and Desublimation

In the present study, nine meteorological variables from the ERA5-Land and ERA5
reanalysis datasets were used as inputs to generalize the occurrence of condensation and
desublimation based on the Penman model, which inevitably resulted in systematic errors
in the evaluation of condensation and desublimation. Therefore, the main uncertainties in
this study arise from the two following aspects: the applicability of ERA5-Land and ERA5
reanalysis datasets for land surface process studies on the one hand, and the applicability
of the Penman model in evaluating condensation and desublimation occurrence studies on
the other hand.

ERA5-Land and ERA5 are currently more recognized reanalysis datasets with high
spatial and temporal resolution, and they have been widely used in studies of land surface
processes including land–atmosphere interactions, meteorology, and hydrology [28]. The
applicability evaluation of ERA5-Land on the northeastern QTP shows that the correlation
between the assimilated temperature in ERA5-Land and the observed temperature at
meteorological stations was very high, and ERA5-Land reproduced the spatial distribution
of temperature more accurately; however, ERA5-Land underestimated the temperature of
different degrees, and this phenomenon was also found in the applicability evaluation of
ERA5-Land on a national scale [28,62]. In addition, the evaluation of different variables
in ERA5-Land in different regions also shows that ERA5-Land has better performance in
reproducing corresponding meteorological elements [63–65]. Compared to ERA5-Land,
ERA5 is more widely applicable due to its earlier development. Most studies based on
ERA5 reanalysis datasets have shown that ERA5 variables have good spatial and temporal
consistency with the observed meteorological elements, despite under- and over-estimation
of some meteorological variables [66]. Compared with other types of reanalysis data,
ERA5-Land and ERA5 have higher spatial and temporal resolution, making them the most
widely used reanalysis datasets at present. In general, the ERA5-Land and ERA5 reanalysis
datasets have good applicability in land surface process studies, especially for large scale
land–atmosphere interactions, and meteorological and hydrological process studies.

The widely accepted method for estimating the latent heat flux is the Eddy Covariance
method [67], but the Eddy Covariance equipment is expensive and only applicable to
in situ observations, which cannot be used for large scale and regional latent heat flux
estimation. Compared with the Eddy Covariance method, the Penman model also has a
better physical basis and can be used for large scale and regional latent heat flux estima-
tion [68]. The estimation of condensation (dew) and desublimation (hoarfrost) based on the
Penman model shows very good agreement between the total amount of dew and hoarfrost
estimated by the Penman model and the total amount of dew and hoarfrost measured by
microlysimeters; and the Penman model slightly underestimates the total amount of dew
and hoarfrost [4,24].

From Figures 3–5, the average R2 between the estimated and measured monthly
condensation and monthly desublimation are 0.82 and 0.59, respectively, and the average
R2 between the estimated and measured annual condensation and annual desublimation are
0.56 and 0.91, respectively, for the nine flux stations on the QTP, indicating that the accuracy
of the monthly and annual condensation and desublimation, estimated by the Penman
model with nine meteorological variables from ERA5-Land and ERA5 as inputs, is adequate
for the present study. Overall, although there are uncertainties in evaluating condensation
and desublimation based on the Penman model using the ERA5-Land and ERA5 reanalysis
datasets, the method can effectively reproduce the spatial and temporal variations of
condensation and desublimation, which is useful for improving the understanding of
condensation and desublimation over the QTP.

4.2. Impact of Condensation and Desublimation on Alpine Ecosystem

Previous studies of condensation and desublimation mainly focused on arid and semi-
arid regions [8,18,69–71], and there are less studies of condensation and desublimation in
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alpine regions [4,12]. However, the magnitude of condensation and desublimation in alpine
regions is much larger than that in arid and semi-arid regions [72,73], and the ecological
and hydrological roles of condensation and desublimation in alpine regions and arid and
semi-arid regions is obviously different [25]. The alpine regions are the generally referred
to areas with high altitude, low temperature, and large diurnal temperature differences,
as well as areas with short growing periods and low effective accumulation temperatures
due to the high altitude [74]. The near-surface atmospheric hydrothermal conditions in
alpine regions are highly variable, with frequent evaporation, sublimation, condensation,
and desublimation interaction processes, which play an important role in the ecological
and water vapor internal circulation processes in the region [75–77].

Observation experiments on condensation and desublimation carried out in recent
years in alpine regions have shown that condensation and desublimation have unique
ecological and hydrological roles in alpine regions, and that condensation and desublima-
tion are one of the water sources in alpine regions that are no less important than in arid
and semi-arid regions [11,78,79]. Observations in the coarse gravel accumulation area of
Siberian slopes show that condensation recharge of water vapor exists in the pore space
of mountain gravel and gravel layers, the amount of condensation can reach 80 mm in
summer [80], and condensation recharge accounts for 15−20% of the total recharge. Kuhle
found in the alpine mountains of the northern slopes of the Himalayas that condensation
causes alpine rocky slopes to be completely covered by alpine meadows [81]; and in the
alpine belt, where 80% of the soil is coarse-boned, the potential soil moisture can last
only 13 days under continuous sunny weather but 22 days with surface condensation
occurring [82]. The present study shows that the annual mean total condensation and
desublimation is 19.89 mm, the annual mean precipitation is 388 mm, and the ratio of total
annual condensation and condensation to annual precipitation is 5.13% on the QTP. In
fact, the direct contribution of condensation and desublimation to surface water input in
alpine regions is low, and condensation and desublimation mainly moderates the periodic
physiological water deficit of vegetation caused by low temperatures [25]. In alpine regions
with greater diurnal temperature differences and strong radiative cooling at night, the
greater the land–atmosphere temperature difference, the higher the risk of frost damage to
vegetation; the formation process of condensation and desublimation releases part of the la-
tent heat, which replenishes the energy deficit at the surface, alleviates the low temperature
stress on vegetation, and reduces the risk of frost damage to vegetation [12].

In summary, the ecological and hydrological roles of condensation and condensation
in alpine regions like the QTP are reflected in the two following aspects: on the one
hand, condensation and desublimation are part of surface water input, which alleviate
the physiological water deficit of surface plants, animals, and microorganisms due to low
temperatures; on the other hand, the occurrence of condensation and desublimation releases
latent heat, which replenishes the energy deficit near the surface, alleviates the difference
in ground temperature, and serves to reduce the risk of frost damage to surface plants
and animals and microorganisms. Therefore, it can be considered that condensation and
desublimation play an important role in maintaining the development of alpine ecosystems,
with areas of increased condensation and desublimation indicating a trend towards better
ecosystem conditions, while areas of decreased condensation and desublimation imply a
trend towards worse ecosystem conditions.

5. Conclusions

The present study focuses on evaluating the spatial and temporal variations of conden-
sation and desublimation on the QTP from 1950 to 2020 based on the Penman model using
meteorological variables from ERA5-Land and ERA5 reanalysis datasets. Condensation
and desublimation were often neglected, but condensation and desublimation were major
processes of land–atmosphere interactions, energy transfer, and water cycle at night and
have important ecological and hydrological roles in alpine regions to alleviate the physio-
logical water deficit of surface plants, animals, and microorganisms due to low temperature
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and reduce the risk of frost damage to surface plants, animals, and microorganisms. There-
fore, evaluating the spatial and temporal variations of condensation and desublimation not
only improves the understanding of land–atmosphere interactions, energy transfer, and
water cycles, but also contributes to the understanding of the operational mechanisms of
alpine ecosystems on the QTP.

The results showed that there were large regional differences in condensation and
desublimation on the QTP, with annual mean condensation ranging from 0 mm to 72.8 mm,
annual mean desublimation ranging from 0 mm to 23.6 mm, and annual mean total
condensation and desublimation ranging from 0 mm to 76.8 mm. Condensation showed a
significant increasing trend in the central and northwestern parts of the QTP, desublimation
showed a significant decreasing trend in most parts of the QTP, and the decreasing trend of
desublimation was more significant than the increasing trend of condensation.

Both condensation and desublimation have significant seasonal characteristics, with
condensation being most abundant in the summer, and desublimation in the spring and
autumn. The maximum monthly condensation was 2.37 mm, the monthly mean condensa-
tion was 0.70 mm, the maximum monthly desublimation was 1.45 mm, the monthly mean
condensation was 0.95 mm, and the total monthly mean condensation and desublimation
was 1.66 mm. The annual mean condensation was 8.45 mm, the annual mean desublimation
was 11.45 mm, and the total condensation and desublimation was 19.89 mm. The annual
condensation hadan increasing trend of 0.24 mm/10a, the annual desublimation had a
decreasing trend of −0.26 mm/10a, and the total annual mean condensation and desubli-
mation had a weak decreasing trend. The increase in condensation is most associated with
the increase in precipitation, while the decrease in desublimation is most associated with
the increase in air temperature on the QTP.

The ratio of total annual condensation and desublimation to precipitation is 5.13%.
Although the annual mean desublimation was higher than the annual mean condensation,
the increase in condensation will exceed the decrease in desublimation in the future. As
condensation exceeds desublimation, the total amount of condensation and desublimation
tends to increase, indicating that the ecosystem shows a trend toward improvement on
the QTP.
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