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Abstract: High spatial and temporal resolution products of near-surface air temperature (T2m)
over the Greenland Ice Sheet (GrIS) are required as baseline information in a variety of research
disciplines. Due to the sparse network of in situ data on the GrIS, remote sensing data and machine
learning methods provide great advantages, due to their capacity and accessibility. The Land Surface
Temperature (LST) at 780 m resolution from the Moderate Resolution Imaging Spectroradiometer
(MODIS) and T2m observation from 25 Automatic Weather Stations (AWSs) are used to establish
a relationship over the GrIS by comparing multiple machine learning approaches. Four machine
learning methods—neural network (NN), gaussian process regression (GPR), support vector machine
(SVM), and random forest (RF)—are used to reconstruct the T2m at daily and monthly scales. We
develop a reliable T2m reconstruction model based on key meteorological parameters, such as albedo,
wind speed, and specific humidity. The reconstructions daily and monthly products are generated on
a 780 m x 780 m spatial grid spanning from 2007 to 2019. When compared with in situ observations,
the NN method presents the highest accuracy, with R of 0.96, RMSE of 2.67 °C, and BIAS of —0.36 °C.
Similar to the regional climate model (RACMO2.3p2), the reconstructed T2m can better reflect the
spatial pattern in term of latitude, longitude, and altitude effects.

Keywords: temperature; MODIS; machine learning methods; GrIS

1. Introduction

Due to the amplification effect in the Arctic [1], the near-surface air temperature (T2m)
here rises faster than in other regions of the world [2,3]. The Greenland Ice Sheet (GrIS)
is the second-largest ice sheet in the world, with an area of 1.7 x 10°® km?, being only
smaller than the Antarctic Ice Sheet [4]. In recent decades, the GrIS has attracted a lot of
attention due to its enhanced melting [5-7], particularly associated with unusual climatic
conditions [8-10] and accelerating mass loss [11-14].

The T2m plays an important role in glaciological and climatological processes in the
Arctic [15-18]. In particular, in extremely cold regions, the T2m is an important input factor
for glacier or snow melting simulations [19,20], as well as the basis for global and regional
climate warming analyses and an important factor in controlling the surface mass balance
(SMB) [21-25]. Compared with the 20th century, the T2m has increased significantly in
Greenland [21]. A common approach to obtaining T2m datasets is spatial interpolation
based on Automatic Weather Station (AWS) records [26-28]. However, the interpolation
approach relies on a sufficiently dense number of AWS. Simple interpolation methods
over the GrIS are challenging, as the network of AWSs is sparse, due to its remoteness. At
present, meteorological stations (both AWS and staffed stations), regional climate model,
global re-analysis data, and remote sensing data are the four main sources for obtaining the
ice surface temperature (IST) and T2m [29-32].
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Although global re-analysis data and regional climate model are reliable across the GrIS,
they may underestimate climate variability in regional and local environments [31,33,34].
The spatial resolution of remote sensing data is high, and it can provide IST data for the
whole ice sheet, making it more advantageous than AWS and the regional climate model.
Compared with limited AWSs, remote sensing IST data can provide better spatial cover-
age [35]. Moderate Resolution Imaging Spectroradiometer (MODIS) IST products have
been successfully used to estimate the T2m in different regions of the world [11-14,36-39],
on the basis of the strong correlation between T2m and IST [40-50]. Various statistical
methods, including simple linear regression [32,48,51], and complex models, such as the
random forest (RF) prediction model [52,53], have been used for T2m estimation. In ad-
dition to MODIS IST, some auxiliary variables, including elevation, latitude, longitude,
month, windspeed, specific humidity, and so on, may also be included in the model for
more accurate T2m estimation [40,52,54]. Hooker et al. [55] carried out kriging-based
spatio-temporal interpolation of global daily temperature including MODIS IST as a pre-
dictor. Nielsen-Englyst et al. [32] reconstructed the Arctic T2m using a linear method and
compared it with re-analysis data (ERA5, ERA-interim, etc.). Some researchers have also
used non-linear methods for reconstruction; for example, Meyer et al. [44] used machine
learning techniques to reconstruct the T2m over Antarctica. Zhou et al. [53] used a hybrid
approach based on machine learning to estimate T2m across Israel.

However, these previous studies have not examined Greenland. Therefore, in this
study, we aim to create a medium-resolution daily T2m product for the GrIS. In this context,
we compare the performance of four different machine learning methods to reconstruct
T2m from IST and other auxiliary variables, including specific humidity, wind speed,
albedo, longitude, latitude, altitude, and month. The four machine learning methods
include neural network (NN), Gaussian process regression (GPR), support vector machines
(SVM), and RE.

Due to the rapid development of machine learning, these and similar algorithms have
been widely used in the fields of numerical prediction and numerical simulation [56,57].
The main advantages of machine learning methods are as follows: first, the models trained
by machine learning methods can adapt well to new data and have good generalization
ability. Second, machine learning methods consist of optimization algorithms that can
be modeled several times, until the optimal solution is found and the best reconstruction
results are obtained. Finally, the use of machine learning methods, such as NN and GPR,
can effectively prevent over-fitting.

An important application area of machine learning is the reconstruction of T2m. NN,
RF, and SVM are commonly used methods to obtain T2m products from remote sensing
LST data, which have been developed and applied in many areas. Machine learning
approaches have a strong ability to solve non-linear relationship fitting problems. Meyer
et al. [58] have used NDVI, elevation, and solar zenith angle as inputs to a RF model
and compared them with T2m data recorded at weather stations. Choi et al. [59] used
surface temperatures in bands 10 and 11 recorded by the Landsat-8 satellite, NDVI, and the
automated weather observing system (ASOS) as the input layer to a deep neural network
to simulate T2m. Therefore, it is feasible to apply machine learning methods to reconstruct
the T2m in Greenland.

The remainder of this paper is structured as follows: The data and methods are de-
scribed in Section 2. In Section 3.1, the daily data products are reconstructed. In Section 3.2,
the monthly data products are reconstructed. The performance of the reconstructed prod-
ucts is evaluated in Section 3.3. This is followed by a discussion in Section 4, which is
divided into three main subsections. The first considers the albedo scheme, the second pro-
vides a comparison with other studies, and the third details the limitations and perspectives
for future research. Section 5 presents our conclusions.
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2. Data and Methods
2.1. Data
2.1.1. In Situ Data

In this study, we use data from the Greenland Ice Sheet Monitoring Program (PROMICE)
AWSs as observations. The data are operated by the Geological Survey of Denmark
and Greenland (GEUS), in collaboration with the National Space Research Institute [60].
PROMICE AWSs are distributed mostly in the coastal regions of Greenland with an uneven
spatial distribution (see Figure 1) and provide various data, such as air pressure, T2m,
specific humidity, wind direction, sensible heat flux, four components of radiation, wind
speed, albedo, relative humidity, and surface temperature, among others [61].
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Figure 1. Overview map of the study area. The purple circles are training data set stations (marked
in italics), and the orange circles are validation data set stations.

We used the daily data of surface temperature, T2m, albedo, latitude, longitude, wind
speed, specific humidity, altitude, and month from 25 AWSs provided by PROMICE and
divided them into training and validation data. Likewise, the monthly data were also
divided into training and verification data. However, it should be noted that there is no IST
in the monthly PROMICE AWSs data; therefore, it was averaged from the daily data. In this
case, monthly data with less than 90% of days in a month were regarded as missing [61].

Among them, 10 AWSs were used for training data, and the remaining 15 AWSs were
used for verification data [62]. Figure 1 shows the distribution of PROMICE AWSs in
Greenland (with the polar stereographic projection method). The observation period is
shown in Figure 2.



Remote Sens. 2022, 14, 5775

40f18

EGP|

CEN}
THU Ul
THU L} - -
UPE L}
UPE Ul
KAN UR _—
KAN L|
KAN M|
NUK K
NUK_ L
NUK_NF -
NUK UR — —_— e
QAS M
QAS Al -
QAS Ul
QAS LF
TAS AF
TAS UF e
TASLf ————— -— -

MIT
SCO U _—
SCO L
KPC L _
KPC UF

AWS

1 1 1 1 1 1 1 1 1 1 1 1
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Time

Figure 2. Observation periods for AWSs used in this study.
2.1.2. Satellite Data

MODIS is a polar-orbiting and cross-orbiting scanning spectroradiometer whose
images cover the entire Earth region every day or two days [63]. The daily grid products
based on GrIS strips became available in the early 2000, as MODIS began flying on the
NASA Earth Observing System (EOS) Terra satellite in 2000 and on Aqua from 2002 [64].
Terra’s orbit around the earth is time-limited, and it passes through Greenland in the
afternoon (14:30-16:30 Universal Time). The MODIS Collection 6.1 IST and albedo used in
this study come from a multi-layer daily IST albedo water vapor product, developed using
the standard MODIS data set of the Terra satellite [65].

The algorithms were derived from those developed for the MODIS sea ice prod-
ucts MOD29 or MYD29 (MOD and MYD represent the Terra and Aqua products, respec-
tively) [64,66,67]. From March 2000 to December 2019, MOD 29 IST and albedo products
provided daily and monthly average surface temperature data on a polar stereo grid with
0.78 x 0.78 km resolution [65]. The IST accuracy of the 6.1 series products has been re-
ported to be approximately twice that of the 5 series, due to the addition of an emissivity
adjustment model into the MODIS split-window algorithm [67,68].

However, as is well-known, the surface temperature data of MODIS has a cold bias in
the GrIS [69]; the colder it is, the greater the bias [70]. This cold bias in MODIS data may
be due to mistaking temperatures on clouds for surface temperatures, which can lead to
some extreme cases such as extremely low temperatures [64]. Cloud cover grid elements
without surface temperature values were excluded from the calculation process. Due to the
serious missing results of daily data reconstruction in some regions and the desire to study
the effect of reconstruction at different time scales, monthly data were also reconstructed.

2.1.3. Regional Climate Model

The Regional Climate Model (RACMO2.3p2) was developed by the Royal Netherlands
Meteorological Institute (KNMI) for polar glacial regions and atmospheric studies, Utrecht
University IMAU/UU), specifically for simulating climate and surface mass balance (SMB)
in Antarctica and the GrIS [71]. RACMO2.3p2 is an updated version, which includes a
number of changes: the glacier profile, topography, and ice albedo field have been updated;
the cloud scheme parameters of increasing precipitation into the GrIS have been adjusted;
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the under-estimation of inland accumulation in RACMO2.3 was corrected; the properties
of snow have been improved, and so on [29,72]. RACMO2.3p2 is considered especially
suitable for the large ice sheet in Greenland [73].

As a regional climate model data, RACMO2.3p2 has a high T2m accuracy [30,72,74].
Therefore, we compared the remote sensing data reconstruction results using RACMO2.3p2.

2.2. Methods
2.2.1. Machine Learning

Machine learning involves the study of how to improve the performance of a system
itself through computation and experience. In computer systems, “experience” usually
exists in the form of data [75]. Therefore, the main research component of machine learning
is learning algorithms, which we provide with empirical data in order to generate a model.
The learned model corresponds to some underlying law of the data, called the “truth,” and
the process of learning is the process of discovering or approaching the truth. The model
must have a strong generalization ability and should be able to be applied to the whole
sample space [76].

(1) Neural network (NN)

The most basic component of a neural network is the neuron model. A well-known
algorithm is the Levenberg-Marquardt algorithm [77], which can provide numerical so-
lutions for non-linear minimization (local minimization). This algorithm can achieve the
advantages of combining the Gauss—Newton algorithm and the gradient descent method,
improving upon the disadvantages of both by modifying the parameters during execu-
tion. In the process of building the model, training is automatically stopped when the
generalization ability stops improving [78].

(2) Gaussian process regression (GPR)

The purpose of GPR is the same as the most common linear regression: to learn the
training data, reconstruct the new data, and expect that the reconstructed values will be as
close to the true values as possible. Gaussian regression is a non-parametric model, so it
will not be over-fitted [79]. Gaussian regression can be understood from two perspectives:
the weight and the function. The function perspective involves a random variable whose
function obeys the Gaussian process, which can optimize the effect of the “black box”
function [80].

(3) Support vector machine (SVM)

Compared with logistic regression and NN, SVM provides a clearer and more powerful
way to learn complex non-linear equations [81]. An SVM models the training data, then
reconstructs new data, with the expectation that the reconstructed value is as close to
the real value as possible. SVM problems are usually solved using convex optimization
technology [82].

(4) Random forest (RF)

RF regression is learning from the characteristic matrix. The RF algorithm is an
integrated technology that combines multiple decision trees, which helps to reduce the
variability of the model. Different training data subsets train each decision tree, and each
node of each decision tree is divided according to random attributes in the data [83]. One
of the most important problems when using the RF algorithm is parameter adjustment.
The parameters to be tuned include the number of trees, leaves, and feet in the random
forest. When testing for the optimal value of a single variable, the other variables are kept
unchanged. After finding the optimal value of one parameter, it is used in the subsequent
tests to find the optimal values for the other parameters [84].

2.2.2. Factor Determination

(1) Daily data factor determination
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Previous studies have carried out a lot of work on the reconstruction of the T2m from
the LST or IST, and many different influencing factors have been considered. For example,
Nielsen-Englyst et al. [85] used season, wind speed, clouds, and other factors to reconstruct
the T2m in the Arctic; Meyer et al. [44] used IST and month factors to reconstruct the T2m
in Antarctica; Pang et al. [86] used IST, radiation factors, seasonal factors, wind speed,
cloud cover, and other factors to simulate T2m in Dome A; and Zhang et al. [54] used
IST, cloud cover, wind speed, and other factors to estimate T2m in the Tibetan Plateau.
Therefore, according to previous experience, we used eight factors—IST, specific humidity,
wind speed, albedo, elevation, longitude, month, and latitude—to reconstruct the T2m.

(2) Monthly data factor determination

Monthly data for IST and albedo are available from MODIS; however, the albedo
is severely lacking. As albedo has a very important effect on T2m, the albedo from
RACMO2.3p2 was used, instead of the MODIS albedo data. After pre-processing all
the above data, the model was built according to the format of the monthly data, which
were reconstructed using the eight factors listed above (IST, specific humidity, albedo,
altitude, wind speed, longitude, latitude, and month).

2.2.3. Feature Ranking and Model Construction

By using the feature ranking method of RF in machine learning [83], the importance
of the eight factors was ranked, and the model was established according to the ranking.

(1) Establishment of the daily data model

The variable importance scores for the complete model using all predictor variables
indicated the importance of IST for predicting T2m (Figure 3a). In addition to IST, specific
humidity was also important, followed by wind speed, albedo, elevation, longitude, month,
and latitude. Through experience, we know that IST and specific humidity are the most
influential factors in the reconstruction process from IST to T2m [87], consistent with the
conclusions drawn in Figure 3a. Therefore, we built a daily data model according to the
abovementioned order of importance.
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Figure 3. Daily data (a) and monthly data (b) rankings for eight factors.

The IST and albedo in the model were obtained from MODIS, while the other variables
came from the observation data of the AWSs. In the process of reconstruction, the specific
humidity and wind speed data were obtained from RACMO2.3p2, as MODIS data cannot
provide specific humidity and wind speed data. MODIS provided IST, albedo, elevation,
longitude, month, and latitude data.

(2) Establishment of the monthly data model
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The order of monthly data importance was (from high to low): IST, specific humidity,
albedo, elevation, wind speed, longitude, latitude, and month. As can be seen from
Figure 3b, IST, specific humidity, albedo, and elevation were the four most relatively
important influencing factors, followed by the other four factors. Similarly, we established a
model for the monthly data, according to the order of importance. The IST and albedo were
obtained from MODIS, while the other variables were obtained from AWS observations.
In the process of reconstruction, the albedo, specific humidity, and wind speed data were
obtained from RACMO2.3p2, as MODIS data cannot provide complete albedo, specific
humidity, and wind speed data. According to this model, the T2m monthly data for the
GrIS from 2007 to 2019 were reconstructed.

Comparison of the daily data model with the monthly data model indicated that the
difference was not significant, which is in line with meteorological theory. We can see, from
the importance ranking of the eight monthly data variables, that albedo is a reasonably
essential factor in the process of monthly data reconstruction, so we will continue to analyze
it in the following parts. To assess the significance of lacking albedo, we reconstructed the
T2m from monthly data without albedo. Thus, IST, specific humidity, wind speed, latitude,
longitude, elevation, and month are the seven factors employed in this reconstruction
procedure. This issue will be examined in detail in Section 4.1. Figure 4 shows the T2m
reconstruction process for the GrIS based on the four machine learning methods used in
this paper.

In-situ measurements ‘ MODIS
I I
)
’ Data preprocessing ‘

}

Data partition
E 1
v
’ Training data ‘ Test data
'
Model

' ' v

NN| | GPR| |svMm| [RE
| | l i

} v

’ Reconstruction data <——i Accuracy estimation

l

’ GrIS T2m dataset

<Reconstruction < <Model build< <Data Processing <

Figure 4. The GrIS T2m reconstruction process based on four machine learning methods.

3. Results
3.1. Daily Data Reconstruction Products

The fitting effects of the four models are shown in Figure 5. The models were evaluated
using R, RMSE, and BIAS, compared with the in-situ data. Based on the reconstruction
results for the whole GrIS, the scatter plot was obtained by extracting the reconstruction
data near the 15 AWSs and comparing them with the observed data.
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Figure 5. Comparison of reconstruction results of NN (a), GPR (b), SVM (c), and RF (d) against
the observed T2m. R, correlation coefficient; RMSE (°C), root mean square error; BIAS (°C), mean
difference; and N, number of samples.

The NN was considered to be the best-performing algorithm (see Figure 5a) with an R
value of 0.96, an RMSE of 2.67 °C, and BIAS of —0.63 °C. Therefore, the tuned and trained
NN model was selected as the final model to create the T2m product. The RF performed
slightly worse than the NN (R = 0.96, RMSE = 2.77 °C, BIAS = —1.28 °C) and showed
little difference from the GPR (R = 0.94, RMSE = 3.32 °C, BIAS = —1.31 °C) model. SVM
performed slightly worse than the other algorithms, presenting the lowest performance
(R=0.94, RMSE = 3.62 °C, BIAS = —0.97 °C). The derived data set included daily recon-
structs of T2m on a 780 m regular latitude and longitude grid for the period 2017-2019.
Our daily data reconstructions surpassed the accuracy of previous reconstructions, such as
those of Meyer et al. [44] and Nielsen-Englyst et al. [32].

As can be seen from Figure 5, each method had some outliers, and the reconstructed
T2m was generally lower than the observed T2m, which may be due to the abnormal
MODIS IST data [69]. Extreme outliers occurred in the SVM method, and the temperature
difference may reach more than 20 °C; this may be due to the algorithm itself. When the
error function is reduced to the minimum value, the phenomenon of over-fitting can be
effectively prevented; however, the accuracy will inevitably be affected, leading to extreme
values in the reconstruction results [88]. Evaluation of the RF reconstruction results in
Figure 5d eliminated the filled missing values.

To more clearly compare the reconstruction quality of each reconstruction method, we
constructed box plots, which are shown in Figure 6. Figure 6 shows a plot of the reconstruc-
tion results for each method minus the AWS observed data. Through comparative analysis
of the box diagrams, it can be seen that the difference between the results of the NN model
reconstruction was closest to 0 °C, which also suggests that the reconstruction accuracy of
the NN model was the best.
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Figure 6. Difference between reconstruction results and observed data at AWSs. The red horizontal
line in the rectangular box indicates the median; the closer it is to 0 °C, the more accurate the
reconstruction results. The upper end of the box represents the quartile data (i.e., the first 25% of the
data). The lower end of the box represents three-quarters of the data (i.e., the first 75% of the data).
The upper black horizontal line indicates the upper edge of the data, and the lower black horizontal
line indicates the lower edge of the data. The combination of the upper and lower edges indicates
the normal distribution range for this data set. The blue dots indicate outliers, and N represents the
number of outliers.

Notably, there were many outliers in the reconstruction using the SVM model, but most
of the data were within a reasonable range. Compared with the NN reconstruction results,
the T2m in the GPR reconstruction results was lower, and the reconstruction results of the
RF method also tended to be cold. It may be that the overall reconstruction temperature
is low, as there were more outliers with extremely low temperatures than extremely high
temperatures. The number of outlier samples was small, accounting for only approximately
3% of the total number of samples.

3.2. Monthly Data Reconstruction Products

On the basis of our reconstruction, we investigated the spatial variation of the GrIS
T2m during 2018. The reconstructions were compared with data from RACMO2.3p2 in
order to further confirm the reliability of our reconstructions. The NN reconstruction
results were close to the RACMO2.3p2, and even local application of the NN for T2m
reconstruction better reflected the changes.

In particular, the T2m in northern Greenland was obviously lower than that in southern
Greenland. Furthermore, in July, the T2m in southwest Greenland was above 0 °C, which
was preserved in our reconstructions. However, in the northern part of Greenland in
January and December, the reconstruction of low temperature data was not as accurate,
which may be related to the data and methods used [44]; although MODIS IST products
include cloud cover masking, we realize that cirrus clouds cannot be reliably removed from
the data. Cloud classification over the GrIS is challenging in winter, due to “cold-on-cold”
and “white-on-white” problems [89]. This leads to a more error-prone T2m reconstruction
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in winter than in summer. In addition, Janatian et al. [90] reported that the performance of
a model for predicting T2m at low temperatures may be significantly decreased.

From Figure 7, we can see that the reconstruction results for monthly data wellreflected
the latitude zonality of T2m. At the same time, they also reflect the T2m difference between
coastal and inland regions, with higher temperature in coastal areas and lower temperature
in inland areas. The longitude zonation and the spatial distribution of T2m are also shown.
In all months, the northern and inner parts of the GrIS are generally colder than other
regions, while the warmest areas are the coastal areas and the melting zone of the GrIS.

T2m(°C)

Figure 7. T2m of the reconstruction results of NN (a) model for monthly data in 2018, and T2m of
monthly data of RACMO2.3p2 (b) for 2018.

Figure 8a,b show the spatial distribution of our reconstructed monthly T2m linear
trends and RACMO2.3p2 for 2007-2019, respectively. The trend values of mean monthly
temperatures varied from somewhat to very different between regions. The clear cool-
ing trends could be observed for February, July, and December, which were almost the
same as RACMO2.3p2. However, in January, RACMO2.3p2 showed a significant warming
trend, while the reconstructed trend was not show. The trends of T2m in any month
between 2007 and 2019 were spatially heterogeneous (Figure 8). Both the reconstruction
and RACMO2.3p2 showed that the trend had the largest significant warming patch in
April and showed that the cooling trend occurs mainly in northern and central Greenland
in December, while there is a warming trend in parts of the south. The trends of recon-
structions and RACMO2.3p2 were very similar in the spatial distribution. For example, in
February and December, the majority of grids experienced a cooling trend, while, in April,
May, October, and November, the opposite happens.
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Figure 8. Monthly T2m trend (°C decade™1) from 2007 to 2019 from NN Reconstruction (a) and
RACMO2.3p2 (b).

3.3. Evaluation of the Reconstruction Products Performance

Based on the R, RMSE, and BIAS from the individual AWS daily and monthly data, it
can be seen that it is feasible and accurate to reconstruct T2m using an NN. All R values
were greater than 0.9, the RMSE values were less than 3.5 °C, and the BIAS values were
less than 2 °C and more than —2.5 °C (mostly near 0 °C). Overall, the precision between
observed and reconstructed values was significantly lower for the daily data than for the
monthly data (Figure 9). Only a few AWSs had lower precision.
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Figure 9. Evaluation of reconstruction results for each AWS, with RMSE and BIAS in °C.
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The overall reconstruction accuracy for the NUK_L and QAS_L AWSs was low, while
the reconstruction accuracy for the KAN_L and NUK_N AWSs was relatively high. The
reconstruction accuracy for the monthly data was higher for the MIT and QAS_U stations,
while the reconstruction accuracy for the daily data is significantly better than that of the
monthly data for the UPE_U station. The nearest neighbor interpolation method that we
used may have had some influence on the verification of the reconstruction results.

4. Discussion
4.1. The Albedo Scheme

The NN taking IST, specific humidity, wind speed, albedo, latitude, longitude, eleva-
tion, and month as reconstruction variables was the best-performing model. Due to the
serious lack of monthly albedo data from MODIS data, the albedo of RACMO2.3p2 was
used to replace the MODIS albedo when reconstructing monthly data; however, the recon-
struction results were worth comparing. Therefore, the influence of albedo was decisively
abandoned, and a combination of the remaining seven factors was also considered.

According to the importance ranking in Section 2.2.3, we removed the albedo and
sorted the remaining seven factors, as shown in Figure 10. The order of importance was
(from high to low): IST, specific humidity, wind speed, longitude, elevation, latitude, and
month. Among them, the IST data were obtained from MODIS, while other data were
obtained from the AWSs. In the reconstruction process, wind speed and specific humidity
data were obtained from RACMO2.3p2. Among the seven factors, IST, wind speed, and
specific humidity were the three most important factors, differing from the results obtained
for the previous eight factors. This indicates that a lack of albedo may have a great impact
on the reconstruction results [87,91].

1.5

Importance

Factor

Figure 10. Importance ranking of seven factors (without albedo): IST, specific humidity, wind speed,
month, elevation, latitude, and longitude.

It is clear from Figure 11 that the reconstruction accuracy decreased without albedo.
The reconstruction at very low temperatures was poor. The T2m was lower in the middle
than in the north, which is obviously unrealistic. It does not conform to the law of latitudinal
zonation. Simulations of very high temperatures were even worse; for example, values
above 0 °C in June, July, and August were not reconstructed. In addition, the spatial
pattern of T2m was problematic. Regardless of the season, the reconstructions without
the albedo were always wrong and the reconstruction results were problematic, both in
general and in local areas. All of these problems are likely due to the lack of albedo in the



Remote Sens. 2022, 14, 5775

13 0f 18

reconstruction process, resulting in poor reconstruction results. This also suggests that
albedo is an important factor in T2m reconstruction.

T2m(°C)

—40

Figure 11. T2m of the reconstruction results for the NN model of monthly data in 2018.

4.2. Comparison with Other Studies

Direct comparison of the accuracy of our reconstructed T2m products for the GrIS with
those presented in other studies is difficult, not only because of the different environments
and time scales, but also (and most notably) due to the differences in the validation methods
used. The verification method in this paper was cross-validation, which can prevent over-
fitting by dividing the data set into several folds and estimating the accuracy of each
fold [44].

Recursive feature elimination is the most commonly used method for feature selec-
tion, using the importance scores of the variables calculated from the training subset [92].
Pichierri et al. [93] used stepwise regression with forward selection to find the best estima-
tion algorithm. The selection of factors was carried out using this method. The approach
used in the present paper involved ranking the machine learning methods for RF feature
selection, according to the importance of the relationship between each factor and the T2m.
This ranking allowed us to derive which factors are of high importance and which are of
low importance. Models were then built based on the importance of each factor, which is
more reasonable and plausible.

Jang et al. [77] used multi-layer feed-forward (MLF) neural networks to estimate air
temperatures over southern Canada using Advanced Very High Resolution Radiometer
(AVHRR) data. Compared with previous results, the quality of the daily data in this paper
was improved significantly, with increased R, decreased RMSE and BIAS, and a significant
improvement in the overall results. Compared with the results of Nielsen-Englyst et al. [32],
our RMSE was significantly lower and the resolution was improved. Compared with
the results of Meyer et al. [44], the R value was greatly improved, the RMSE was greatly
reduced, and the reconstruction accuracy was greatly improved. Compared with the results
of Bai et al. [91] and Mao et al. [87], the R value was greatly improved in this paper. In
conclusion, our reconstruction accuracy is higher than that obtained by our predecessors.
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4.3. Limitations and Future Perspectives

The machine learning approach has some limitations in that it requires a large amount
of training data [75]. Due to the harsh climate conditions in Greenland, the observations are
difficult to access and have more data gaps. Therefore, training data usually cannot meet the
need of machine learning [94], limiting the further improvement of the T2m reconstruction.
In the future, with more available observations, the accuracy of machine learning reasonably
will be improved. In addition, the simulation of extreme T2m by machine learning methods
is limited [44]. For example, our reconstructions do not show low temperatures in March in
northern Greenland (Figure 7), while RACMO2.3p2 shows low temperatures. Moreover, for
machine learning, there is still a subject of debate regarding how the temporal arrangement
of training data affect the reconstruction, potentially causing the bias [53]. In the future,
we will attempt to disrupt the time series of data for comparison to better reconstruct the
T2m. Notably, many machine learning methods are black-box models not to be clearly
understood [80] and we could not analyze the impact of every selected climate factor [86].
The unreasonable selection of characteristic variables can also cause errors; therefore,
more relevant variables need to be introduced into the model. In this study, the result
of reconstruction using eight factors is significantly better than that using seven factors.
Nevertheless, a study suggested that inclusion of counterproductive variables could cause
over-fitting and worsen reconstruction performance [95], so we cannot just blindly add
variables either. In the future, we will attempt to increase relevant influencing factors to
explore whether the reconstruction accuracy will be improved.

Previous studies proved the IST from satellite datasets, such as thermal infrared satel-
lite sensors, AVHRR, and Landsat, can be used to reconstruct T2m using linear and machine
learning [32,59,83]. This means we can use a variety of remote sensing data to reconstruct
T2m on the basis of machine learning methods. By comparing the reconstruction results
from different satellite datasets, it is possible to obtain more accurate T2m than MODIS.
In addition, T2m is considered as baseline data for understanding GrIS climate variability
and reconstructing SMB [21-25,96], suggesting the possibility of SMB reconstruction over
the GrIS based on multi-source data and machine learning methods.

5. Conclusions

T2m is one of the key indicators of climate change in the Arctic. In this study, we
proposed the use of four machine learning methods—NN, GPR, SVM, and RF—to recon-
struct the T2m from MODIS IST and other auxiliary variables. IST, specific humidity, wind
speed, albedo, altitude, longitude, month, and latitude were found to be the most suitable
and reliable influencing factors for reconstructing T2m. In terms of model accuracy, the
NN algorithm performed the best, with R of 0.96, RMSE of 2.67 °C, and BIAS of —0.63 °C.
With the developed model, we can provide the daily and monthly data for the period
2007-2019 over the GrIS with 780 m resolution. We used MODIS data for T2m reconstruc-
tion, which can greatly improve the spatial resolution of the reconstructed data and make
up for the shortage of in situ observations. These T2m data can provide data support for
other subsequent research considering the GrIS (e.g., SMB, energy balance, surface melting,
etc.). Future research should focus on improving the accuracy of the reconstructions then
extending the product to the entire lifetime of the MODIS sensor.
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