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Abstract: In recent years, advancements in high-resolution digital twin platforms or artificial intel-
ligence marine forecasting have led to the increased requirements of high-resolution oceanic data.
However, existing sea surface temperature (SST) products from observations often fail to meet re-
searchers’ resolution requirements. Deep learning models serve as practical techniques for improving
the spatial resolution of SST data. In particular, diffusion models (DMs) have attracted widespread
attention due to their ability to generate more vivid and realistic results than other neural networks.
Despite DMs’ potential, their application in SST spatial downscaling remains largely unexplored.
Hence we propose a novel DM-based spatial downscaling model, called DIFFDS, designed to obtain
a high-resolution version of the input SST and to restore most of the meso scale processes. Experi-
mental results indicate that DIFFDS is more effective and accurate than baseline neural networks, its
downscaled high-resolution SST data are also visually comparable to the ground truth. The DIFFDS
achieves an average root-mean-square error of 0.1074 °C and a peak signal-to-noise ratio of 50.48 dB
in the 4x scale downscaling task, which shows its accuracy.

Keywords: spatial downscaling; diffusion model; sea surface temperature; deep learning

1. Introduction

The sea surface temperature (SST) is a crucial climate variable that contributes to
Earth’s climate [1]. SST influences marine ecosystems, ocean—atmosphere interactions, and
oceanic currents. Recent advances in high-resolution digital twin platforms or artificial
intelligence marine forecasting, such as Earth-2 (with kilometer-scale resolution), have led
to an increased demand for high-resolution oceanic data. High-resolution SST data can
reveal more meso- or small-scale dynamic processes, enabling neural networks to learn
more complex patterns.

However, due to the limitations of current observation technology, the resolution
of existing satellite remote sensing SST products often fails to meet researchers’ needs.
This severely restricts the potential applications of SST data in various fields, like deep
learning-based oceanographic models.

To mitigate this issue, oceanographers have begun to use spatial downscaling tech-
niques to obtain higher-resolution SST datasets. By establishing mapping relationships
between low- and high-resolution data, spatial downscaling can generate high-resolution
versions of input low-resolution SST. The downscaled high-resolution outcomes can re-
veal more detailed marine dynamic features, providing a higher spatial resolution for
subsequent applications.

Downscaling techniques can be categorized into dynamic downscaling, statistical
downscaling, and deep learning-based downscaling methods. Dynamic downscaling is
conducted by nesting regional models into low-resolution global models to produce high-
resolution information. For instance, Huang et al. [2] used a variable-resolution option
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within the community earth system model to simulate California’s climate, demonstrating
competitive utility for studying high-resolution regional climatology compared to the
weather research and forecast model. Dynamic downscaling can produce reliable results
because it uses physical equations to describe dynamic processes, but it often entails high
spatial-temporal complexity. In addition to dynamic downscaling, statistical downscaling
methods are also widely employed to establish empirical relationships between large-scale
variables and local-scale parameters to produce high-resolution data [3]. For instance,
Jorge et al. [4] proposed a weather-type downscaling method for multivariate ocean wave
climate based on a statistical downscaling framework. Statistical downscaling faces chal-
lenges in accurately establishing statistical relationships in areas with complex terrain or
unique climate zones, and the quality of the input data affects the precision of the result.

Deep learning has shown impressive prospects in various tasks within marine sci-
ence, including downscaling, prediction, and reconstruction of oceanic elements. Deep
learning-based downscaling originates primarily from super-resolution (SR) technology in
computer vision. Dong et al. [5] proposed the first super-resolution convolutional neural
network (SRCNN). Subsequently, many CNN-based SR models were created, and their
performance improved further [6-10]. The emergence of SR generative adversarial models
such as enhanced SR generative adversarial network (ESRGAN) [11], and SR transformer
models [12,13], also represent significant advances in SR.

Deep learning methods can generate accurate high-resolution data. They can also
automatically learn feature representations from oceanic data, allowing for more effective
feature extraction. These characteristics have prompted many oceanographers to explore
deep-learning downscaling methods. Some researchers use interpolation algorithms, such
as bicubic interpolation or nearest neighbor interpolation, to obtain a low-resolution SST
from a high-resolution SST. They then employ these low-resolution SSTs as the input and the
original high-resolution SST as the target to train neural networks for the spatial downscal-
ing tasks. For instance, Aurelien and Ronan [14] utilized bicubic interpolation to generate
low-resolution input from the operational sea surface temperature and sea ice analysis
(OSTIA) dataset and then employed SRCNN to generate high-resolution targets. Simi-
larly, Khoo et al. developed an SN-ESRGAN neural network to downscale low-resolution
SST into high-resolution ones [15], wherein the nearest neighbor algorithm was used for
generating input data from OSTIA SST. These approaches highlight the efficacy of deep
learning-based spatial downscaling techniques in addressing SST downscaling challenges.
In other scenarios, high-resolution infrared SST data and low-resolution microwave SST are
used to train deep learning models. Izumi et al. trained a CNN-based network with 125 km
resolution input and 25 km resolution ground truth, achieving high-quality results [16].
Zou et al. designed a transformer-based model to obtain a resolution output of 0.02°, using
the 0.25° advanced microwave scanning radiometer 2 SST as input [17].

Recently, diffusion models (DM) have gained significant attention along with the rise
of text-to-image generation models such as Imagen [18] and DALL-E2 [19]. Unlike other
deep neural networks, DMs excel at producing more vivid samples and circumventing
issues like mode collapse, which can be seen in GANSs. These advantages have led to their
broad application across various computer vision domains. In SR, diffusion model-based
approaches, exemplified by works such as [20-22] have achieved remarkable results. Nev-
ertheless, studies and practical applications focusing on DM-based SST downscaling are
noticeably scarce. To explore whether the generative capabilities of DM can be harnessed
to restore missing details and processes in low-resolution SSTs, we propose a novel spatial
downscaling method DIFFDS based on diffusion model for image restoration (DIFFIR) [23].
In comparison to the original DIFFIR, DIFFDS redesigns the transformer block by introduc-
ing cross-attention and channel-attention mechanisms. This refinement results in fewer
abnormal textures and more mesoscale details, making DIFFDS more suitable for SST spa-
tial downscaling. We conducted 4 x scale downscaling experiments to reveal the superior
performance of DIFFDS over several existing methods, offering a fresh perspective for the
SST downscaling field.
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Our contributions can be summarized as follows:

1.  We extended the application of DM to address SST spatial downscaling problems.
The proposed DIFFDS method leveraged the robust distribution fitting and gener-
ation capabilities of DM to reconstruct high-resolution SSTs. Experimental results
demonstrate its effectiveness.

2. To ensure greater consistency between the downscaling results and the original high-
resolution SSTs and to mitigate incorrect texture anomalies in the results, we restruc-
tured the transformer block in DIRformer. This enhancement allows DIFFDS to fully
consider the underlying structure in low-resolution data, thereby resulting in a more
reasonable reconstruction of high-resolution SST contents.

3.  DIFFDS outperforms the commonly used CNN, GAN, and regression methods on
most evaluation metrics and closely approximates the visual fidelity of high-resolution
ground truth. This substantiates its superiority over other models.

2. Materials and Methods
2.1. Study Area and Data
2.1.1. Study Area

As shown in Figure 1, the study sea area extends from 6°N to 22°N, 107°E to 123°E.
It encompasses the South China Sea, the Luzon Strait, and the Sulu Sea. This domain
experiences a prevailing tropical maritime monsoon climate characterized by warm temper-
atures, seasonal monsoons, and significant rainfall. These conditions induce complex SST
distributions and multi-scale dynamical processes, such as upwelling, mesoscale eddies,
and oceanic fronts.
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Figure 1. The study area used in this paper.

2.1.2. SST Data

The SST data employed in this study comes from operational sea surface temperature
and sea ice analysis reprocessed (OSTIA-REP) [24-26] SST dataset, which is a group for high-
resolution sea surface temperature (GHRSST) generated by using optimal interpolation
(OI) on a global 0.05° degree grid. As a sister product to the near real-time counterpart
(OSTIA-NRT), the OSTIA-REP distinguishes itself by assimilating satellite data from more
than 25 distinct SST sensors, along with in situ observations sourced from drifting and
moored buoys.

The original data resolution in the study region is 320 x 320 pixels (0.05°). To ensure
a more acceptable training speed, we resized the original SST data by using the nearest
neighbor downsampling algorithm to obtain a lower-resolution version of the data. The
downsampled 48 x 48 pixels (%O) SST data and 192 <192 pixels (%O) SST data are then con-
sidered as the low-resolution input and the corresponding high-resolution target in the 4 x
downscaling experiments.
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In order to distinguish the land and sea points, the SST values over the land points
are first set to 0. Then, since all SST values in the dataset are less than 35, the original SST
values are normalized to SST’ within the data range [—1, 1), according to Equation (1). This
normalization preprocessing is conducted to ensure fairness in the comparison between
the proposed DIFFDS method and other algorithms in the experimental results:

SST' = 2 x (S;TT) 1 )

The period of the experiment dataset covers from 1990 to 2021. Data from 1990 to
2019 are used as the training set, data within 2020 are the validation set, and the data from
March 2021 to February 2022 serve as the test set.

2.2. Diffusion Model

Generative models, such as GANs and variational autoencoders (VAEs), are commonly
used to produce highly realistic samples but inherently come with limitations. GANSs, for
instance, can encounter challenges in training stability and sampling diversity unless
carefully designed optimization strategies are employed. In addition, these GAN methods
may easily suffer from mode collapse [27]. This phenomenon often occurs in the training
process of producing similar or identical samples, which fails to capture the full diversity
of the data distribution. It typically happens when the model converges to a limited set of
data patterns, ignoring the variety of the actual data, which will decrease the generalization
ability of the model and affect its practical application effect. The results generated by VAE
may lack detailed information, often leading to blurred results [28].

In contrast, recent advancements in diffusion models (DMs) have demonstrated that
employing principled probabilistic diffusion modeling can yield high-quality mapping from
randomly sampled Gaussian noise to complex target distribution, without suffering from
mode collapse or instabilities. The foundations of the diffusion model can be traced back to
the pioneering work in 2015 [29], which was inspired by nonequilibrium thermodynamics.
This concept has been further developed and popularized in subsequent works, such
as denoising diffusion probabilistic models (DDPM) [30], improved denoising diffusion
probabilistic models (IDDPM) [31] and denoising diffusion implicit models (DDIM) [32].

Taking DDPM as an example, DMs typically encompass two processes: the forward
diffusion process and the reverse diffusion process, as shown in Figure 2, both of which are
characterized by a T-step Markov chain.
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Xp Xr
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Figure 2. The forward and reverse diffusion processes of diffusion model, where g(x¢|x;_1 ) means the
forward process that transforms distribution g(x;_1) to q(x¢) and pg(x;_1|xt) represents the reverse
process that transforms distribution pg(x;) to pg(xt—1)-
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The forward diffusion process transforms the start data distribution into a final Gaus-
sian distribution. Firstly, the initial data x( are defined, and then Gaussian noise is pro-
gressively added in each timestep until it reaches pure Gaussian noise xt ~ N (0,1)
at timestep T by T iterations. During each mid-timestep t, noisy data x; are generated
with the same shape as xp. The noise incorporated in the diffusion process is specified
by a predefined sequence of B1.7 € (0,1]7. Denote ay = 1 — ¢, & = I—[,lel &y, and
B1 < B2 < ... < Bi(t € [1,T]), each iteration of the forward diffusion process can be
described as follows:

q(xelxi—1) = N (xp; Varxi—1, BiI) @)

where the process that transforms distribution g(x() to g(x;) can be condensed into one
single step:

q(xt|x0) = N (xt; vV&ixo, (1 — @)I) 3)

Thus, x; can be directly sampled as follows:

xp = Vo + /(1 -@)E, & € N(0,1) 4)

Meanwhile, the reverse process focuses on learning the inverse of the forward diffusion
process and generating a distribution that resembles real data distribution. The reverse
diffusion process first samples a random noise x1 € N (0,I) and then gradually denoises it
until it reaches a high-quality output xg. Define pg(x;) as the data distribution at timestep ¢
in the reverse process, and a neural network €y (x¢, t) is involved in predicting the uncertain
variables, where 6 represents the network parameters. Each iteration of the reverse diffusion
process can be described as follows:

po(xe—1lxr) = N (xi1; o (xi, 1), 071) (5)
where pg(x¢, t) is the mean value computed using Equation (6):

1—Dét

1
Xt t) = —= (Xt — €g——= 6
po(xt,t) \/067( t— €9 \/1_—“7) (6)
and o7 is the variance value calculated using Equation (7):
1—a_
of = ———= P (7)

1—a;

In addition, there is only one unknown variable that should be learned in the reverse
process. DMs use a neural network €y (x¢, t) to estimate it. To train the model of ey(x¢, 1), a
timestep t and a noise € € N(0,1) are randomly sampled to generate noisy data x; with
the given real data x(, according to Equation (2). Then, the entire network parameters are
optimized by the following loss function:

Loss = Ex e le - ea(ae, ) 2] ©

Substituting x;, i.e., Equation (4) into Equation (8), yields the following:

Loss :Exo,e,t“‘e—ee(\/a:txo%— (1—1x7)§,t)”ﬂ 9)

In the DMs designed for single-image SR, some models directly generate high-resolution
images in the image domain [20], carrying out the forward and reverse diffusion process on
the input pixel space. These models demand excessive iteration steps (about 100-1000 steps)
on large-scale denoising models to precisely capture data details, which consumes massive
computational resources [23]. Furthermore, directly conducting the diffusion process in a
high-dimensional data space requires a large amount of GPU memory and training times.
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Other models conduct diffusion processes in the latent space. DMs are utilized to
generate low-dimensional latent variables. These latent variables are then employed for
SR reconstruction, like [33] and DIFFIR. These models offer efficiency advantages by
circumventing diffusion processes in high-dimensional data spaces. For the sake of training
resources and efficiency, we selected DIFFIR as the base architecture model.

2.3. DIFFDS Method

Computer vision SR tasks focus mainly on the diversity of visual perception. However,
when using DMs for SST spatial downscaling, the focus is more on accurately generating
meso- or small-scale dynamic SST processes than on their diversity. This is crucial because
the downscaled high-resolution SST data may later be used for other downstream tasks
like forecasting. In such cases, inaccurate processes can negatively impact the validity of
task results.

However, applying the original DIFFIR to SST spatial downscaling can lead to in-
authentic details in the downscaled results, resulting in poor subjective and objective
evaluations. To ensure that the downscaled results are more consistent with the destination
high-resolution SST data and to enhance the accuracy of the reconstructed data, the DIFFDS
method is proposed.

DIFFDS consists of three stages: the first stage, training a dynamic IRformer (DIRformer)
and a compact prior extraction network (CPEN); the second stage, training the denoising net-
work and finally, the third stage, also the inference stage, where the trained networks are used
for the downscaling task. The workflow (illustrated in Figure 3) of DIFFDS employs DDPM
to generate a guidance vector called compact IR prior representation (IPR) and then utilizes
IPR to direct the DIRformer in the downscaling process. During the training phase, CPEN
and DIRformer are first trained. The trained CPEN is integrated into the forward diffusion
process of DDPM to train the denoising network. Once the denoising network is trained, the
IPR can be predicted through the reverse sampling process of DDPM. Subsequently, guided
by the predicted IPR, the pre-trained DIRformer performs the downscaling process.

A

1

1

1

1

|

Loss |

1

i

i

i

CPEN i

1

1

_________________________________________________________________________ I:

‘, ---------------------------------------------------------------------------------------------------------------------------- L
| et "E
! i
! 2 : ‘ i
i - LRSST SRSST !
i { CPEN i
] g |ma| | W ) eeesseescsssssssssssssssss e ss s s s s s e s ——————— . ]
i LRSST Conditional PR~/ N i
i ! H 1
i | o, - x t-1 Step | l
| i| Denoising Denoising P ! r i
oo el 2 Uenoising | [ Denoising | i |
i : i network network ! :
i i | PredictedlPR p—======== mmmmm—m—e
i 0 : ! Mmool
:‘ A, ?_D_E!ﬂ_ _S_a_r_n_el_“j_g ______________ ,’l E not u;dalsd in other stages. :

............................................................................................................................

Figure 3. (a) illustrates the first training stage, detailing the training processes of CPEN and DIRformer.
(b) depicts the second training stage, which is also the forward process of DDPM. The 3rd stage
(c) shows the inference process of DIFFDS.
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In DIFFDS, we redesign the structure of the transformer block in DIRformer by incor-
porating cross-attention and channel-attention mechanisms. Channel attention focuses on
increasing the weight of certain significant feature channels [34] while suppressing others
within the data. This selective enhancement allows DIFFDS to maintain some SST texture
anomalies. Additionally, cross-attention enables DIFFDS to learn the underlying distri-
bution structures in low-resolution SSTs. This ensures that the produced high-resolution
SST closely aligns with the original data, minimizing deviations. These adjustments have
markedly improved the performance of the model. Specifically, DIFFDS has primarily
modified the transformer block, while keeping the rest of the network framework consistent
with DIFFIR. Figure 4 depicts the entire architecture.
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Figure 4. Architecture details of DIFFDS. (a) CPEN, (b) Denoising network, (c¢) DIRformer, (d) Trans-
former block.

2.3.1. CPEN

With the input of high-resolution SSTs, CPEN learns to generate a low-dimensional
IPR, which can guide the DIRformer in the SST downscaling process.

As described in Figure 4a, the CPEN is constructed by a series of residual blocks,
convolution layers, and linear layers. First, the original high-resolution SST training data are
processed by a pixel unshulffle layer to facilitate training speed. Then, a 3 x 3 convolution
layer and a Leaky ReLU are applied to extract the feature map. After that, multiple residual
blocks are utilized to calculate and refine feature representations from the current feature
map. Finally, IPR is produced through the transformation of an adaptive pooling layer and
several linear and Leaky ReLU layers. The CPEN process can be described as follows.

IPR = CPEN(SSTxg) (10)

2.3.2. DIRformer

Under the guidance of IPR, DIRformer accepts the input low-resolution SST and
then generates the corresponding high-resolution versions (as shown in Figure 3a). The
DIRformer is constructed by stacking transformer blocks in a U-Net structure. Each of
these transformer blocks comprises a modified dynamic multi-head transposed attention
(DMTA) part and a dynamic gated feed-forward network (DGFN) module (Figure 4d).
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After the CPEN process, IPR information is obtained, denoted as Xy. As provided for
dynamic modulation parameters, Xy is designed into the DMTA of DIRformer to integrate
the current feature map with the high-resolution SST feature information and guide the
downscaling process of the DIRformer. As shown in Equation (11), F is the input feature
map of DMTA:

F' = W}'Xo ® Norm(F) + W? X, (11)

where © indicates element-wise multiplication, Norm denotes layer normalization, W)
represents linear layer, and F’ are the output feature map, respectively.
Next, the original DIRformer employs a transposed multi-head attention mechanism
(a kind of efficient muti-head attention [35]) to process F/, so the DMTA process of DIFFIR
is as follows:
F = Transposed Attn(F') + F (12)

To improve its performance, a 3 x 3 depth-wise convolution layer is introduced to
capture more intricate and detailed spatial features. The extracted feature map is then
separately fed into a channel-attention layer and a cross-attention layer. In practice, the
channel attention layer is utilized to enhance the representational power of neural networks
by emphasizing informative features in vital channels while suppressing incorrect or noisy
information channels, allowing DMTA to facilitate more effective utilization of the guidance
information generated by the DDPM. Meanwhile, the cross-attention layer is added to fuse
low-resolution SST context information and the current feature map. This enhancement
can make the results more consistent with the original SST structure, and avoid generating
abnormal dynamical processes. Finally, the results are integrated using a 1 x 1 convolution
layer. The DMTA process of DIFFDS can be described as follows:

F" = Transposed Attn(F') (13)

F = W,(CrossAttn(W}(F")) + Channel Attn(W3(E"))) + F (14)

where W, and W; are the convolution layer and the depth-wise convolution layer.

In the DGEN process, the same feature map F’ can be obtained by Equation (11), which
integrates IPR information with the DGFN'’s input feature map F. Then, a1 x 1 convolution
unit is exploited to aggregate information from different channels. Next, a 3 x 3 depth-wise
convolution unit is added to aggregate information from spatially neighboring pixels.
Besides, the gating mechanism is adopted to enhance information encoding. The overall
process of DGFN is defined in Equation (15), F is the output of DGFN.

F = GELUW W!F') © WiW2F' +F (15)

2.3.3. Denoising Network

The structure of the denoising network consists of multiple stacked linear layers and
Leaky ReLU layers (Figure 4b). It concatenates the noisy IPR and the reference conditional IPR
in the channel dimension as inputs and then produces the previous timestep noise as output.

2.3.4. Training and Inference

The training of DIFFDS incorporates two phases: the first phase trains CPEN and
DIRformer, and the second phase is the forward diffusion process of DDPM, which trains
the denoising network.

In the first stage, as listed in Algorithm 1, CPEN and DIRformer are trained together,
which can make CPEN learn to transform high-resolution SST data into IPR and force
DIRformer to reconstruct high-resolution SST guided by IPR. For each pair of low- and
high-resolution SST data, the high-resolution SST is sent to CPEN to obtain IPR, after which
IPR and low-resolution SST are sent to the DIRformer to generate downscaled SST. The
training loss function in phase 1 is defined as:
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Loss1 = HSSTHR — SSTSRHl + Ladz;(SSTHRr SSTSR) (16)

where SSTyr and SSTgg are the ground-truth and downscaled high-resolution data, respec-

tively. H : Hl denotes the L1 norm, and L, is the adversarial loss used in Real-ESRGAN [36].

Algorithm 1 Training CPEN and DIRformer

Input: low-resolution SST SST} g and high-resolution SST SSTHr
1: for SSTLR, SSTHR do

2: XO = CPEN(SSTHR)

3:  SSTsg = DIRformer(Xo, SSTLR)

4:  Calculate and optimize Loss1

5: end for if Loss1 converges

Output: Trained CPEN and DIRformer

Phase 2 (as shown in Algorithm 2) is the forward diffusion process of DDPM. In this
stage, the denoising network is trained to predict noise. After preparing parameters like &;
and «;, for each pair of low- and high-resolution SST data, the pre-trained CPEN extracts
IPR Xy from high-resolution SSTs. Then, X; is sampled by the forward diffusion equation,
according to Equation (4). After substituting variables Xy and X; into Equation (4), the
formula is obtained as follows:

Xy = Vo Xo+1/(1-&)g, ¢ € N(0,1) (17)

where the &7 is the same parameter in Equation (4), and ¢ is a Gaussian noise sampled from

N(0,1).

Algorithm 2 Training DDPM

Input: Trained CPEN, B1.7 € (0, 1]7, low-resolution SST SST; g and high-resolution SST SSTyRr
Linit ay =1— B, @ =IT',_q an
2: for SSTLR, SSTHR do
: Xo = CPEN(S5TyRr)
Sampleat € [1,T]
Sample X;
X, = CPEN(Bicubic(SSTiRr))
Calculate and optimize Loss2
8: end for if Loss2 converges
Output: Trained Denoising network

Using bicubic interpolation, the SST; g data are upsampled to the same resolution as
SSTyR, after which it is sent to CPEN to earn condition IPR X.. This IPR X, functions as
conditional information, facilitating the denoising network’s capability to accurately forecast
noise patterns. Finally, the parameters of the denoising network can be updated according to
the DDPM loss function. In Loss Equation (18), € is the denoising network, € is the Gaussian
noise sampled from N (0,I), and ¢ is the timestep, Concat is the concatenation step:

Loss2 = ||e — eg(Concat(X,, X), ) ||§ (18)

For the inference process as illustrated in Algorithm 3, a random noise sample is
initialized. Eventually, the reverse diffusion process Equation (19) is deprived of the
predicted IPR Xj, which contains the corresponding high-resolution SST information.

1 1— oy 1—(Xt_1
X1 = — (Xt —€(C HXe, Xi), ) —) + —_ 19
t—1 m( t 69( OTlClZ( c t) )m) é 1—a; ﬁt ( )
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where B¢, at, a; are the same parameters in Equations (6) and (7), t is the sampled timestep,
and ¢y is the denoising network.

Subsequently, Xy and the low-resolution SST input are passed to the pre-trained
DIRformer for spatial downscaling, and then the DIRformer outputs the spatially down-
scaled high-resolution SST data.

Algorithm 3 Inference

Input: Trained CPEN, DIRformer, €g, f1.7 € (0, l]T, low-resolution SST SST; g

Linit ay =1— B, @ =IT',_; an

2: for SST g do

X, = CPEN(Bicubic(SSTiRr))

Sample X; € N (0,1)

fort=T,...,1do
Sample & € N(0,1)ift > lelse =0
Update X;_; by Equation (19)

end for

S§STsg = DIRformer(Xg, SSTrR)

10: end for

Output: Downscaled results SSTsg

2.4. Evaluation Metrics

To thoroughly evaluate the quality and accuracy of the proposed DIFFDS method as
well as other baseline models, we have selected a comprehensive set of objective evaluation
metrics, including root mean square error (RMSE), mean absolute error (MAE), Bias, peak
signal-to-noise ratio (PSNR) and temporal correlation coefficient (TCC). These metrics
will measure the differences between spatial resolution improved SST values and actual
high-resolution SST values.

In this paper, after obtaining the downscaling results, the data are first denormalized
from the range (—1, 1) back to the normal range. RMSE, Bias, MAE, and TCC are calculated
directly using these denormalized data. To calculate the PSNR, the data are first normalized
to (0, 1) by dividing by 35.

3. Experiments and Results
3.1. Experiments Design

Based on the dataset in Section 2.1.2, we conduct 4 scale downscaling experiments.
For comparison, the selected baseline models include Lasso regression, Bicubic, RCAN,
ESRGAN and DIFFIR. All models were trained on the aforementioned OSTIA dataset.
Since the SST high-resolution results obtained by Bicubic interpolation do not completely
align with the edges of the ground truth, we calculate the metrics related to Bicubic using
only the overlapping portion of the Bicubic results and the ground truth.

Regarding DIFFDS, in training stage 1, we set the number of transformer blocks per layer
in DIRformer to [4, 6, 6, 8], and the number of attention heads per layer to [1, 2, 4, 8]. The
number of resblocks in CPEN is set to 6. In training stage 2, the reverse sampling steps of
DDPM are set to 200, with a beta scheduler configured to linear, and beta start and beta
end values (the 8 and Bt in Section 2.2) set to 0.0001 and 0.02, respectively. The timestep
spacing algorithm is set to leading [37]. The learning rate for both stage 1 and stage 2
starts at 5 x 10~°, with a cosine scheduler for the learning rate, and the batch size is 16 for
both phases.

For the training of DIFFDS, we utilized an NVIDIA RTX 4070Ti graphics (Lenovo,
Beijing, China) card equipped with 12 GB of memory. Under these specific hardware
conditions, the training process necessitated a total of 400 epochs. Each epoch required
approximately 4 min to complete. Upon the completion of the training phase, the model’s
inference time for performing downscaling operations was recorded to be around 1.8 s.
While this setup was sufficient to accomplish training objectives, we observed that training
speeds could be further optimized. Based on our practical experience, we recommend
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employing a graphics card with at least 16 GB of memory. This would likely result in more
efficient training processes and a reduced overall training time.

3.2. Results
3.2.1. Metrics Evaluation

As listed in Table 1, the proposed DIFFDS method outperforms other models across
various objective evaluation metrics. It achieves an average RMSE of 0.1074 °C, an average
Bias of —0.0043 °C, an average MAE of 0.0654 °C, an average PSNR of 50.48 dB and a TCC
of 0.9610, demonstrating high precision and effectiveness.

With respect to RMSE, DIFFDS excels in all aspects, including average, maximum, and
minimum values. RCAN, ESRGAN, and DIFFIR followed with a 0.02 °C gap. Bicubic per-
forms worse than the above models. The Lasso regression method shows poor performance
with a mean of 0.3347 °C, which shows a noticeable gap compared to other models. This
highlights the effectiveness of deep learning models in addressing downscaling problems.

For MAE, DIFFDS again takes the lead in average, maximum, and minimum values,
followed by RCAN. The differences among the remaining deep learning models are rela-
tively insignificant. Lasso regression and Bicubic show a significant disparity compared
to deep learning models on this metric. Regarding Bias, DIFFIR achieves the best average
value of —0.0003 °C, ESRGAN performs the best in maximum values at 0.0008 °C, and
RCAN performs the best in minimum values at —0.0023 °C, respectively.

As for PSNR, DIFFDS consistently delivers the best results in average, maximum, and
minimum values, demonstrating that the downscaling results have very low noise. It is
followed by ESRGAN, RCAN, and DIFFIR, while Lasso regression and Bicubic lag behind.

In terms of TCC, DIFFIR achieves the highest value of 0.9634, indicating that the
downscaled results exhibit good temporal consistency compared to the true values. DIFFDS,
ESRGAN, RCAN and Lasso have lower TCC values than DIFFIR, at 0.9610, 0.9536, 0.9444
and 0.9615, respectively. Bicubic displays the lowest TCC, around 0.88. Although DIFFDS
shows a slightly reduced TCC compared to DIFFIR, it still outperforms other benchmark
models. An obvious fact is that Lasso regression’s TCC is comparable to most deep
learning models, indicating that Lasso has lower accuracy regarding reconstruction error
and reconstruction quality, but has stronger temporal correlation and can capture the
temporal sequence characteristics of SST. Deep learning models, on the other hand, have
higher accuracy in reconstructing SSTs in the spatial dimension but have weaker temporal
correlation, which may be because deep learning models focus more on capturing spatial
features and, to some extent, neglect the information in the temporal dimension.

In general, the improved DIFFDS presents further performance improvements in most
metrics, highlighting its superiority over DIFFIR and other baseline models.

Figure 5a shows that DIFFDS surpasses other neural networks in terms of the maxi-
mum value, min value, median and upper and lower quartiles. This is consistent with the
results presented in Table 1.

The evaluation in Figure 5b,c is largely similar to that in Figure 5a, showing the
consistency of DIFFDS across different metrics.

For the Bias box plot in Figure 5d, DIFFIR and DIFFDS outperform other models
in terms of the median, and the upper and lower quartiles. ESRGAN performs best in
maximum values, while RCAN excels in minimum values. Regarding the data distribution
between the maximum and minimum values, and the interquartile, Lasso, DIFFDS, and
DIFFIR take the lead. RCAN and ESRAGN have relatively poor performance, whereas
Bicubic displays the largest fluctuations. As for DIFFDS, with its modified network archi-
tecture, although it is slightly inferior to DIFFIR, it still outperforms most of the comparison
models. In the TCC plot, DIFFIR surpasses the other models in maximum, minimum,
and median values. DIFFDS and Lasso follow closely, showing only minor differences
from DIFFIR. This indicates these models’ results have good temporal consistency with
the ground truth and are capable of accurately capturing SST change trends over time.
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ESRGAN has relatively poor TCC distributions, while RCAN and Bicubic perform the
worst in terms of minimum and median values.
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Figure 5. The maximum, minimum, median, both upper and lower quartiles of each metric, (a) RMSE,
(b) MAE, (c) PSNR, (d) Bias, for each method. (e) is the TCC plot for each point in the experiment
sea area.

Table 1. The average/maximum/minimum value of RMSE, MAE, Bias, PSNR, and the value of TCC.

Model RMSE (°C) MAE (°C) Bias (°C) PSNR (dB) TCC
Lasso 0.3347/0.3644/0.3196 0.1506/0.1692/0.1405 0.0113/0.0155/0.0056 40.60/41.19/39.69 0.9615
Bicubic 0.1891/0.1750/0.0762 0.1206/0.1645/0.0753 —0.0039/0.0264 / —0.0282 45.44/50.06/42.50 0.8858
ESRGAN 0.1259/0.1824/0.0819 0.0763/0.1109/0.0474 —0.0138/0.0008/—0.0312 48.99/52.61/45.67 0.9536
RCAN 0.1224/0.1875/0.0747 0.0735/0.1136/0.0442 0.0139/0.0329/—0.0023 49.39/53.41/45.42 0.9444
DIFFIR 0.1269/0.1750/0.0761 0.0770/0.1105/0.0495 —0.0003/0.0040/—0.0066 48.77/53.04/45.82 0.9634
DIFFDS 0.1074/0.1734/0.0567 0.0654/0.1027/0.0331 —0.0043/0.0023/—0.0145 50.48/55.87/46.10 0.9610

3.2.2. Analysis of Temporal Trends

The temporal variations in the metrics reveal similar general trends across deep
learning models. In particular, neural network models tend to perform relatively poorly
during spring and summer, while their performance improves in autumn and winter. This
seasonal pattern may be attributed to the influence of the East Asian monsoon in the study
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area. During the spring and summer, the ocean—atmosphere interaction intensifies and
is more active than in autumn and winter. Factors such as heat flux, evaporation, and
advection processes on the sea surface can cause rapid changes in SST. Additionally, warm
seasons are often accompanied by stronger solar short-wave radiation and convective
activities, resulting in larger SST fluctuation. These fluctuations pose a challenge for model
representations, contributing to the relatively poor performance of neural network models
during this period.

Unlike spring and summer, SST changes in autumn and winter are relatively stable and
exhibit simpler textures. This makes it easier for deep learning models to capture accurate
SST representations and features, resulting in better performance during these seasons.

The Lasso regression method exhibits a relatively stable trend without showing signif-
icant seasonal variations, compared with other methods. This stability may be attributed to
its regularization property, which reduces model complexity and results in more consistent
performance across different seasons.

The results for DIFFIR are not ideal due to the lack of specialized adjustments for
SST spatial downscaling tasks (Figure 6a). Specifically, DIFFIR performs worse during the
summer period compared to other models, as SST fluctuations are more significant during
this time, making it more challenging for DIFFIR to learn. In such cases, the unmodified
network architecture is more prone to generate some erroneous content, resulting in larger
RMSE values. For ESRGAN, its RMSE is slightly smaller than that of DIFFIR. This is because
ESRGAN has a relatively simple generator architecture, and incorporates adversarial and
perceptual losses. These factors compel GAN to balance different losses during the training
process. Consequently, the generated content may contain more detailed textures, but
the RMSE remains relatively high. RCAN, which utilizes a channel-attention mechanism,
performs better than ESRGAN and DIFFIR in terms of RMSE. However, its relatively simple
network structure limits its performance.

The performance of DIFFDS stands out, as it achieves the lowest average, maximum,
and minimum RMSE values. The overall RMSE curve reveals that DIFFDS consistently
achieves the lowest RMSE on most dates. However, during the latter part of autumn and
winter (November 2021-March 2022), RCAN tends to perform better. This suggests that
during periods of relatively stable SST variations and simple SST distribution structures,
the downscaling performance of DIFFDS is not as pronounced. Other models can also
achieve similar results.

DIFFDS generally exhibits lower error than DIFFIR, suggesting that the improved
network structure effectively corrects the downscaling results. For ESRGAN, its RMSE
gap during the autumn and winter seasons is relatively higher than that of other models,
differing from the performance of RCAN. This discrepancy may be attributed to its inherent
characteristics, making it less sensitive to data variations in these seasons.

The results for MAE (Figure 6b,c) are similar to RMSE: DIFFDS achieves the best
results on most dates. However, in autumn and winter, the differences between DIFFDS
and other models tend to be small or even reverse, suggesting that the performance gap
narrows during these seasons. The Lasso regression method consistently performs the
worst on these metrics.

In terms of Bias variations (Figure 6d), DIFFIR shows the most stable trend, closely
followed by DIFFDS and Lasso. This indicates that the predictions of these methods are
statistically close to the true values, without systematic overestimation or underestimation
of SST over long-term averages. The errors are balanced in both positive and negative
directions, resulting in a very small overall error trend. In contrast, RCAN, ESRGAN and
Bicubic exhibit greater fluctuations in Bias variation, and their numerical values for Bias
are comparatively poorer.
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Figure 6. The time series variations for each metric, (a) RMSE, (b) MAE, (c) PSNR, (d) Bias, from
March 2021 to February 2022. The text highlighted in blue marks the date of the dotted line. The
results of these two dates will be used in the discussion section.

3.2.3. Correlation Analysis

Analysis of the correlation distribution across all data points revealed that the results
from these neural network models closely approximate the true values (Figure 7). The
fitting curves of baseline models almost coincide with the 1:1 line, except for Lasso, which
exhibits a relatively noticeable deviation. This suggests that the vast majority of data
point predictions from the aforementioned models are accurate, and the deep learning
spatial downscaling methods can effectively correct the deviation between low- and high-
resolution SST points. Notably, DIFFDS achieves a correlation coefficient of 0.9981, which
is the closest to 1, reflecting the highest degree of consistency between its results and the
ground truth SST values. The other baselines follow closely, with correlation coefficients
very similar to that of DIFFDS, indicating their excellent performance as well.

For Bicubic and Lasso regression methods, the distribution of data points (especially
between 22 °C and 32 °C) shows a more pronounced deviation compared to other methods.
This is because these methods do not adequately consider the spatial distribution relation-
ship of each data point with its surrounding data points during the downscaling process,
resulting in larger errors. For other deep learning models, the distribution of data points
between 28 °C and 30.5 °C shows a noticeable deviation, while those above 30.5 °C align
well. This could be because SST data points above 30.5 °C make up a smaller proportion,
specifically 4 percent of the total data points according to our computation. Additionally,
SST data points above 30.5 °C tend to occur in more homogeneous regions (e.g., consistently
warm waters), which are easier for the neural network to learn. In contrast, data points
in the 28-30.5 °C range constitute a larger portion, accounting for 64 percent of the total
data points. These SST points are often significantly impacted by monsoons, exhibiting
distinct fluctuations during different periods, making reconstruction quite challenging.
Consequently, the number of points where the downscaling results do not match the true
values is relatively higher, leading to greater discrepancies in the scatter plot.
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Figure 7. (a—f) The density scatter plots of each model.

Furthermore, we randomly selected a 100-day sample subset from the test set to
calculate the correlation coefficient, repeating this process 100 times. As shown in the
following Table 2, the correlations are similar to those discussed above. Although the
correlation coefficient differences between our DIFFDS method and other algorithms are
relatively small, it obviously demonstrates that these methods can reserve the large-scale
structure from the LR inputs. The reconstruction quality of small-scale structures can
evaluate the effectiveness of different algorithms in terms of RMSE, MAE, and PSNR
metrics, as shown in Table 1.

Table 2. The correlation coefficient test results.

Model Mean Correlation Standard Deviation
Lasso 0.9821 0.0269
Bicubic 0.9942 0.0019
ESRGAN 0.9973 0.0012
RCAN 0.9974 0.0010
DIFFIR 0.9978 0.0011
DIFFDS 0.9981 0.0008

4. Discussion
4.1. Specific Samples Examination

In this section, several samples are selected to analyze the downscaling results and
to compare the differences among those models. The first sample is on 29 June 2021,
belonging to the summer season (Figure 8). The SST distribution during this period is
relatively complex, with many dynamic processes. As shown in the previous time series
variations in metrics, summer samples tend to accentuate the differences between models.
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Figure 8. The SST distribution on 29 June 2021 of each model, these eight subplots individually
display the high-resolution SST, low-resolution SST, and the downscaled results of each model along
with their RMSE (°C).

Firstly, in terms of RMSE, DIFFDS and ESRGAN emerge as the top two models, with
the others trailing behind. From Figure 8, we can find that all methods can reconstruct the
basic patterns of high-resolution SSTs. However, upon closer inspection, RCAN exhibits
relatively blurry and smooth SST structures, similar to Bicubic, whereas ESRGAN, DIFFIR,
and DIFFDS reveal more complex reconstructed SST structures. This disparity can be
attributed to the fact that models using single L1 loss as a loss function may perform
well in metrics such as RMSE and PSNR. However, L1 loss tends to erase high-frequency
information [38] during training, making the final downscaled high-resolution SST appear
like the smoothed version of ground truth.

In contrast, ESRGAN uses additional adversarial and perceptual losses during training,
which enables the generation of richer information while suppressing RMSE and other
metrics. The results of the Lasso regression also exhibit relatively complex patterns, but
they are not consistent with the true values because the Lasso method does not adequately
consider the spatial distribution relationship of each data point with its surrounding data
points during the downscaling process, resulting in a higher RMSE.
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Generative diffusion models such as DIFFIR, and DIFFDS utilize their distribution
fitting capabilities to produce realistic high-resolution SST samples. These models are easier
to train than GANs. As a result, they perform better across various metrics in the final
downscaled results, showing their potential to generate high-quality SST samples.

Based on the Bias map (Figure 9), the relatively low errors observed in all deep
learning models across most marine regions underscore their ability to tackle spatial
downscaling problems. However, an acute bias area emerges near the land, specifically
between 107°E-114°E and 10°N-17°N, where the models’ performance is compromised.
As seen in Figure 8, the SST variation in this region is large, indicating a higher level of
downscaling complexity compared to other areas. This leads to large deviations in the
downscaled results. For Lasso regression, because it did not reconstruct the high-resolution
SST features well, its bias regions are relatively larger compared to those of the deep learning
model. Compared to Bicubic, deep learning models demonstrate greater accuracy across
most areas due to their complex structure and powerful learning capabilities, resulting in
lower bias.
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Figure 9. (a—f) The absolute Bias map between ground truth and each deep learning model on 29
June 2021. The red box displays the intense Bias area.

As shown in Figure 10, the region from 10°N to 18°N and 107°E to 115°E is selected to
examine at a basin scale. Although some discrepancies exist, the DIFFDS-generated results
more accurately capture most of the dynamic processes, yielding superior downscaled
results. This improvement can be attributed to the adjusted network architecture, which
leverages the guidance information provided by the diffusion model while also considering
the overall SST distribution structure inherent in low-resolution SSTs.

The original DIFFIR without cross-attention primarily focuses on the guidance infor-
mation from DDPM, somewhat neglecting the overall SST structure. This oversight results
in poor SST structures. For the DIFFIR results (Figure 10), erroneous SST content is shown
in the red-boxed area of Figure 10g. These textures cannot be found in the red-boxed area of
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the input low-resolution SSTs (Figure 10a). Conversely, the corresponding area in DIFFDS
is corrected with no obvious anomalous textures. This enhanced structural effectiveness
can be directly attributed to the introduction of channel-attention and cross-attention. For
ESRGAN, although it generates rich details in downscaled high-resolution SSTs, it still fails
to recover certain features, such as the high-temperature area in the block box of subplot
Figure 10e.
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Figure 10. The results on 29 June 2021 zoomed from 9°N-17°N and 108°E-116°E. The red box and
black box areas display erroneous SST contents.

Next, we analyze another sample on 1 August 2021. The overall SST pattern on this
day is relatively simpler, so the reconstruction task for all deep learning models is less
challenging. However, the downscaled results of the Lasso regression show a considerable
discrepancy compared to the deep learning methods, with an RMSE of 0.3284 °C, which is
higher than that of neural networks. As illustrated in Figure 11, the performance differences
among neural networks are further reduced. Their downscaling results are quite similar,
effectively restoring SST patterns in this region. This similarity in performance can also be
found in their Bias maps (Figure 12). Except for Lasso regression, the bias distribution of
these models in this sea area is relatively uniform, with no highly concentrated error regions.
This indicates that deep learning models can recover most of the mesoscale dynamic
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processes in the SST downscaling task, but they still have some difficulty capturing certain
small-scale processes.
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Figure 11. The SST distribution on 1 August 2021 of each model, these eight subplots individually
display the high-resolution SSTs, low-resolution SSTs, and the downscaled results of each model
along with their RMSE (°C).

The absence of previously significant bias in the 107°E-114°E area, 10°N-17°N area
(red box in Figure 9) is likely due to the relatively stable fluctuations in SST in that region.
Regarding RMSE, all deep learning models show a noticeable decrease compared to the sample
on 29 June 2021, indicating further improvements in the plain SST structure environments. In
this context, DIFFDS achieves the lowest RMSE at 0.0735 °C, reflecting the precision of the
reconstructed high-resolution SSTs compared to other baselines. The RMSEs of DIFFIR and
RCAN are close to those of DIFFDS. As shown in Figure 13, the results from deep learning
models show visually minor differences (in the black box area) but are closer to the true SST
distribution compared to the Bicubic and Lasso regression methods.
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Figure 12. (a—f) The absolute Bias map between ground truth and each deep learning model on 1
August 2021.

4.2. Further Comparison of DIFFDS and DIFFIR

In the preceding sections, we analyzed the improvements in DIFFDS over the original
DIFFIR using various metrics and specific downscaling results. In this section, to further
illustrate the performance differences between these two models, we selected a case study
from 27 June to 1 July 2021, in regions where coastal upwelling in Vietnam can be found.

In Figure 14, the coastal upwelling phenomenon in the HR exhibits a continuous variation
process, which can be observed from the shape of the red 27 °C isotherms. However, this
is not evident in the low-resolution SST data. As seen in the figures, the coastal upwelling
morphology (the shape of red isotherms) in the low-resolution SST data over these five days
shows almost no differences and fails to reflect a continuous morphological change. For
DIFFIR, the downscaled results can not accurately represent this variability across those days.
Its upwelling results are similar to those from Bicubic, being merely a simple magnification of
the low-resolution data. If there are no significant changes in the upwelling morphology in
the LR data, then the results also show no significant changes.

Based on the results of DIFFIR on 27 June, the upwelling morphology is relatively
close to the true SST values. However, its upwelling morphology showed little change in
the following days, remaining essentially the same as the previous day. It cannot exhibit a
noticeable variation, as observed in the ground truth. This contributes to the suboptimal
performance of DIFFIR’s downscaling results.
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Figure 13. The results on 1 August 2021 zoomed from 10°N-18°N to 107°E-115°E. The black box
area displays complex SST contents.

In contrast, the downscaled coastal upwelling from the DIFFDS displays a more
pronounced variation over these five days, closely mirroring the ground truth. Additionally,
the daily upwelling patterns produced by the DIFFDS are more aligned with the ground
truth. This indicates that an improved network structure is more effective at learning the
inherent SST distribution patterns in low-resolution SSTs by incorporating channel attention
and cross-attention. It captures and reflects the subtle variations within the low-resolution
SST data, and then translates them into high-resolution SSTs accurately. Consequently, the
final downscaled results are more consistent with the ground truth, making the DIFFDS
more suitable for SST spatial downscaling tasks.

In Figure 15, we present an analysis of the spatial distribution RMSE for both DIFFIR
and DIFFDS on the test set. The figure clearly illustrates that DIFFDS consistently exhibits
a lower RMSE across a majority of the examined regions when compared to DIFFIR.
This trend is particularly pronounced within the area highlighted by the red box. In this
specific region, DIFFIR demonstrates a significantly higher RMSE, indicating a poorer
performance. However, the corresponding region in DIFFDS shows a markedly improved
RMSE, highlighting the correction and enhancement achieved by our method.
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Figure 14. Variations in the low, ground truth, DIFFIR, and DIFFDS SST data over a continuous
five-day period. Red isotherms are used to highlight the boundary of the upwelling currents.
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Figure 15. The spatial distribution of RMSE for DIFFIR and DIFFDS on the test set. The red boxed
area highlights the significant difference between DIFFIR and DIFFDS.

The improvements observed underline the advantages of the enhanced DIFFDS
method over the original DIFFIR approach. The reduction in RMSE across various spatial
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zones suggests that DIFFDS not only improves overall accuracy but also corrects specific
areas of high error, making it a more reliable and robust solution.

4.3. Challenges with High Variability

In Section 3.2.2, we found that the intense fluctuations in SSTs during spring and
summer pose a significant challenge to the model’s downscaling capabilities. This can
ultimately affect the accuracy of the downscaled results. Despite utilizing nearly three
decades of data for training, DIFFDS has yet to effectively capture underlying SST patterns
under conditions of high variability. We attribute this limitation to several factors. Firstly,
recent years have witnessed abnormal changes in weather systems that may not be fully
represented in the historical data used for training. Past experiences may not always apply
to current or future situations, thereby restricting the model’s performance in such cases.
Additionally, the inherent limitations of our model’s architecture and the complexity of the
ocean system may also contribute to this shortcoming. Moreover, relying solely on SSTs as
an input variable has its limitations.

When the region is more homogeneous, it is economically feasible to obtain the
downscaling reconstruction using simple interpolation (usually Bicubic interpolation).
However, the real-world system is very complicated, for instance, extreme ocean events
and large changes in ocean elements (high variability situations). Therefore, there is an
urgent need for efficient and effective downscaling algorithms that can respond extremely
well to real-world systems, which is also the goal of our future work. All of the downscaling
methods, including Bicubic interpolation, can greatly preserve the large-scale structure
from the low-resolution inputs in terms of correlation coefficient differences. Additionally,
the visual results and the corresponding zoomed-in regions, as well as several quantitative
metrics (as shown in the figures and tables above), mainly evaluate the reconstruction
quality of small-scale processes among different algorithms. On dates with high variability,
or during periods when SST variability is relatively stable, our DIFFDS model surpasses
the baseline models in most of these metrics, demonstrating that DIFFDS can effectively
reconstruct more high-resolution activities under various conditions.

To improve downscaling results during periods of high variability, incorporating other
oceanic factors, such as salinity, and atmospheric factors, like surface wind speed, into the
neural network is essential. This approach could enable the model to capture a more compre-
hensive representation of the underlying dynamics and enhance its downscaling capabilities.

5. Conclusions

This study proposes a novel spatial downscaling model (DIFFDS) and applies it to SST
spatial downscaling to explore its potential possibility and relieve the growing demand for
high-resolution oceanic data. The results of our experiment demonstrate its effectiveness for
spatial downscaling of SSTs. The proposed DIFFDS can restore some meso-scale processes
that disappeared in low-resolution SSTs, generating accurate results.

To enhance the consistency and accuracy of the downscaled results, we designed a
modified DMTA layer by introducing channel-attention and cross-attention mechanisms.
The redesign enables the model to extract precise and effective information from the
guidance IPR provided by the diffusion model, while also considering the overall SST
distribution structure inherent in low-resolution SST data. This approach allows the model
to suppress abnormal SST textures in the downscaled results, resulting in more realistic
and accurate outputs.

Furthermore, we compared the performance of DIFFDS with commonly used CNN,
GAN, and regression methods, to highlight its superiority over other models. Experimental
results indicate that DIFFDS achieves an average RMSE of 0.1074 °C and PSNR of 50.48 dB
in the 4x scale downscaling task. Meanwhile, the generated content is comparable to the
raw high-resolution SST data, such as the coastal upwelling along Vietnam.

Future work will focus on refining this method by incorporating other oceanic or
atmospheric elements or integrating physical mechanisms into the model. This will further
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improve the interpretability and effectiveness of the DIFFDS, enabling more accurate and
reliable SST spatial downscaling.
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