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Abstract: Rivers occupy less than 1% of the earth’s surface and yet they perform ecosystem service
functions that are crucial to civilisation. Global monitoring of this asset is within reach thanks to
the development of big data portals such as Google Earth Engine (GEE) but several challenges
relating to output quality and processing efficiency remain. In this technical note, we present a new
deep learning pipeline that uses attention-based deep learning to perform state-of-the-art semantic
classification of fluvial landscapes with Sentinel-2 imagery accessed via GEE. We train, validate and
test the network on a multi-seasonal and multi-annual dataset drawn from a study site that covers
89% of the Earth’s surface. F1-scores for independent test data not used in model training reach 92%
for rivers and 96% for lakes. This is achieved without post-processing and significantly reduced
computation times, thus making automated global monitoring of rivers achievable.
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1. Introduction

Rivers cover an estimated 485,000 to 662,000 km? of the Earth’s surface [1], which
is about 10 to 15% of the global lake area estimated at 4.2 million km? [2]. Despite their
small area representing about 1% of the Earth’s total land surface, rivers and their associ-
ated floodplains provide vital ecosystem services that are increasingly under threat from
anthropogenic activities [3-5]. Recently, the availability of big data download platforms
such as Google Earth Engine [3-5] and deep learning has facilitated global scale investi-
gations and the monitoring of freshwater resources in general [6-9] and river systems in
particular [10-13]. However, one challenge that remains is the repeat global monitoring of
river systems based on Sentinel-2 data with a native ground sampling distance (spatial res-
olution) of 10 metres. Currently, global LULC maps provided at the native 10 m resolution
of Sentinel-2 (e.g., refs. [6,7,9] only have a single semantic class for water thereby conflating
rivers and lakes). Given the relative areas given above, an error of only 1% in the estimate
of global water area could amount to an area equivalent to ~10% of the world’s rivers. We
therefore argue that the monitoring of rivers and their associated ecosystem services at
continental or global scales requires LULC products that have an explicit class for river
water which is distinct from lake water. Whilst there has been very significant progress on
the study of the global distribution of rivers [11-14], the only study currently presenting
a global map of rivers, lakes and fluvial bars classified as distinct semantic classes, and
produced at a spatial resolution of 10 metres, is that of [10]. The authors used a fully
convolutional network (FCN) trained on a manually generated labels from samples sites
across the non-polar world but only for the month of July 2021. Two important limitations
of this study still need to be addressed: (1) The training and testing data were only derived
from the month of July 2021, which may limit the application of the process to others
months and other years, and (2) the high quality of the results were achieved with a series
of post-processing filters with a high computing cost, which resulted in a total inference
(processing) time of 1 month for each global classification map.

Within the context of this Special Issue on Machine Learning and Automation in
Remote Sensing Applied in Hydrological Processes, the overarching aim of this technical
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note is to advance the field of fluvial remote sensing by developing a deep learning pipeline
that can produce semantic class rasters at global scales from Sentinel-2 data and which have
rivers, lakes and sediment bars as distinct semantic classes. Our objectives are as follows:

e  Produce a state-of-the-art dataset of high quality manual labels that sample the non-
polar globe and cover multiple seasons and multiple years.

e  Leverage, adapt and fine-tune recent deep learning architectures based on the attention
mechanism [15].

e  Deliver an inference pipeline that can significantly cut processing times and bring
global scale repeated monitoring within reach.

2. Materials and Methods
2.1. Hardware and Software

This work was executed on a workstation with a 12-core Xeon processor, 192 Gb of
ram and an NVIDIA RTX A5000 GPU with 24 Gb of ram. We use TensorFlow as our deep
learning library [16]. We also use additional Python packages such as scikit-learn [17],
scikit-image [18], scipy [19] and gdal [20].

2.2. Data

Figure 1 shows our study site covering the non-polar globe, 89% of the total Earth
surface. We start by using the classification outputs from [10,21]. These provide semantic
class rasters for the full study area at a resolution of 10 metres for the months of April,
July and November 2021 with 4 key classes: the background (class 0), rivers (class 1), lakes
(class 2) and exposed sediment bars adjacent to rivers (class 3). Readers are referred to [10]
for full details. Google Earth Engine (GEE) was used via the Python API to download
bands 8, 4 and 3 of Sentinel-2 imagery for composited for an entire month (i.e., GEE will
take all available imagery for the requested month and composite them with the median
pixel value for each location) for the entire study area. This requires ~5 Tb of storage
for each given month. We then use a randomised search algorithm to extract tiles of
224 x 224 pixels in size which sample all cloud free rivers, lakes and exposed sediment
bars for the entire study site, but where the tiles for each given month do not overlap.
This results in a total of 2.1 million pre-training samples of 224 x 224 in 3 channels of
near-infrared, red and green. Figure 1 shows the total number of samples for each 5° x 5°
grid cell of the study site. These are well distributed across the globe. Each image sample is
accompanied by the corresponding mask. However, readers should note that these masks
are modelled outputs with errors which places constraints on their usage.

Next, we use the 343 site locations from [10] as manual labelling sites. Each site covers
an area of 0.15° x 0.15°. Pixel dimensions vary with latitude but are roughly 1500 x 1500
pixels for each tile. These sites were selected to represent all catchments with an area greater
than 500,000 km?. We start with the core dataset from [10]. In order to provide data that
included multiple months and years, we first add data from August 2019 and August 2020.
We then add additional tiles generated for random months for the years 2021, 2022 and
2023. In total, this results in 677 tiles in 3 channels with a total pixel count of 1.7 Gigapixels.
These 677 tiles are all within the 343 sites, meaning that most sites have 2 samples acquired
at different times. This is intended to train a model which is applicable across a range of
months and years. All tiles were manually labelled using QGIS with 4 semantic classes for
rivers, lakes and sediment bars and a background class for all other pixels see [10]. We dub
these data the ‘seen’ data (Figure 1). We randomly split these data with 610 tiles for training
and validation and 67 tiles (~10%) acting as a test, or hold-out, dataset. Readers should
note that whilst the 67 test tiles are not used in training, the model will have seen the same
geographical locations acquired at different time periods. Next, we extracted a random set
of an additional 100 tiles, again of 0.15 x 0.15°, for the entire study site. The centre of each
of the tiles is randomly selected from the population of 2.1 million pre-training samples.
This ensures that each tile is not ocean or background. The image acquisition period was set
for random months, with the year randomly selected between 2019 and 2022, inclusively.
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Each tile is manually labelled with QGIS. We dub these “unseen’ testing data because the
locations are not included in the manually labelled ‘seen’ data. However, we note that the
global pre-training data will likely include the same reaches (background of Figure 1).

* Seen Data Pre-training data [#]
* Unseen Data 1 -1000

311000 - 2500

B 2500 - 3500

B 3500 - 5000

B 5000 - 7500

I 7500 - 13,500

Figure 1. Study area covering 89% of the Earth’s surface. Markers show the location of manually
labelled samples of 0.15° x 0.15°, (~15 x 15 km). Seen data were used for training, validation
and testing. Unseen data are spatially distinct from the seen data and was only used for testing.
Graduated background shows the number of pre-training data samples extracted from modelled
results for each 5° x 5° grid cell.

2.3. Model Architectures

We consider it outside of the remit of our work and expertise to develop new model
architectures from scratch. Progress in deep learning is rapid, and as a result, Earth Obser-
vation practitioners have a wealth of architectures to choose from. From this perspective of
Earth Observation, the challenge lies with the adaptation of algorithms often developed
for medical imagery or computer vision to the specific challenges associated with satellite
imagery (e.g., geocoding issues, multispectral imagery, the multiscalar nature of natural
forms). In the general field of land-use classification related to water bodies, several authors
have demonstrated that the combination of Unet and ViT architectures can deliver state-of-
the-art results [22-24]. In medical imaging, the combination of attention Unets [15,25]
and the Segformer Vision Transformer [26] is delivering state-of-the-art performance
levels [24-29]. In the area of hydrology, the authors of [30] have demonstrated that the
combination of Unets and the Segformer ViT can deliver a powerful segmentation perfor-
mance level and produce an automated water level measurement workflow based solely
on image data. We have therefore selected these 2 algorithms as the basis of our approach
and propose to apply them, for the first time, to the problem of land-use classification at
global scales. Specifically, we aim to deploy the attention-Unet on smaller image tiles in
order to segment fine-grain features. Experience from [10] has taught us that the training
performance for the river water and sediment bar classes tends to deteriorate as a function
of tile size. This is likely due to the geometric properties river networks [31] which have a
fractal dimension below 2. This means that as the area of the tile increases as the square
of the width, the area of rivers within the tile increases at a slower rate and the overall
proportion of rivers within a given tile decreases, thereby exacerbating class imbalance
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issues. This creates an impetus to use smaller tile sizes, which will have less overall spatial
context, especially in the case of large rivers and lakes with a characteristic width larger
than the tile dimension. We then aim to address this by deploying the Segformer ViT on
larger tiles in order to encompass larger water bodies and give the classifier sufficient
contextual shape information to distinguish large rivers from large lakes. The choice of
2 sizes of input tiles is intended to maximise the strengths and compensate for the weak-
nesses of each algorithm. We expect the Unet to make significant errors when a small
input tile is mostly composed of surface water as it then becomes impossible, even for a
human, to distinguish lakes from rivers in the absence of any context (e.g., a uniformly
dark water image). Conversely, we expect the Segformer ViT to miss many small features
given that the outputs have, by design, % resolution of the inputs. The outputs of each
algorithm are therefore expected to be complimentary, but we need to design a method of
combining the semantic class rasters output from each algorithm and we choose a fusion
approach. Image fusion is a well-researched topic [32-35]. However, in this particular case,
our problem is made tractable by a number of simplifications with respect to many image
fusion problems. First, we need to fuse single-channel semantic classification rasters with
only 4 values representing our class categories (0 to 3 inclusively). Second, these rasters
occupy the exact same spatial footprint thereby eliminating any need for co-registration.
Third, we know the resolution differs exactly by a factor of 4, which is easy to incorporate in
a Unet encoder pathway where XY dimensions typically halve at each layer following the
max-pooling operation. We therefore propose a novel but straightforward dual-input Unet
fusion approach which starts with the initial attention-Unet class raster at full resolution
and then concatenates the ViT class raster as a second input after 2 layers of the encoder
block, where the XY dimensions now at % of the initial values. In the decoder pathway, we
will again use attention gates in order to improve the detection of fine-grained details.

We implement the Unet classification architecture with code from [36] modified to
(1) include a fourth encoder/decoder pair and (2) replace the upsampling layers in the
decoder blocks with 2D transposed convolutions to perform the upsampling with trainable
parameters. The architecture is designed for input images of 224 x 224 x 3 and is shown in
Figure 2. Dimensions of 224 x 224 are somewhat arbitrary but convenient. In Sentinel-2
imagery, this equates to an image footprint of 2.24 km, which is larger than most (but not
all) rivers [1]. Also, this is the common size used in many datasets, notably ImageNet [37],
and makes the models and data produced here suitable for cross-comparisons and further
research. Next, we use the TensorFlow [16] implementation of the Segformer B3 variant,
pre-trained with the 1.2 million samples in the ImageNet-1K dataset [37], available in
the Huggingface transformers Python package [38]. This architecture will be used on
images of 720 x 720 x 3. These dimensions were arrived at after experimentation with our
GPU and considerations of the scale of the world’s large water bodies. The Amazon river
has a maximum width of roughly 3 km (300 pixels in Sentinel-2) [1]. Similarly for lakes,
Downing et al. [2] estimate that of the ~300 million lakes on Earth, 15,905 have an area above
10 km?. A tiles size of 720 x 720 @10 m, 51.8 km?, should therefore sample the vast majority
of terrestrial lakes. As stated above, our third model will be an image fusion algorithm
that will combine the outputs of the classification attention-Unet, and the Segformer ViT
is a modified attention-Unet with a dual input. We create a modified encoder block that
concatenates the second input class raster at a point in the encoder pathway where the
input raster has undergone 2 sets of convolutions and max pooling and therefore has XY
dimensions of % of the original input which matches the output of the ViT. Based on the
success of the residual learning approach of [39], each encoder layer has a skip connection
to the associated decoder layer in order to achieve the maximum retention of small features.
The inputs dimensions are designed to be 720 x 720 x 1, obtained after re-assembling the
tiles of 224 x 224 x 1 and re-splitting, and the 180 x 180 x 1 arrays directly output by the
ViT. We refer to this as our Unet fusion model (Figure 3).
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Figure 2. Semantic classification attention-Unet architecture with a 3-channel input and a 4-class
softmax output. Dimensions are given for the outputs of each layer. Decoder blocks include an
attention gate that performs additive attention as per [15]. Total trainable parameters: 21.6 million.

| Input 1: 720x720x1

Input 2:
180x180x1
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=

> Decoder3:3o0acoes |
> Decoder4i72onrzons 4
v

| Convolution: 720x720x4

Input Image Skip
Connections
- Relu Activation

Softmax Activation

Input
Concatenation

Figure 3. Dual-input fusion attention-Unet architecture. First input is the semantic class raster of
720 x 720 x 1 produced by the attention-Unet. The second input of 180 x 180 x 1 has % of
the resolution, occupies the same spatial footprint and is produced by the Segformer ViT. It is
concatenated to the features after the first input has been downsampled by a factor of 4. A skip
connection is added from the first input to the final decoder output to re-enforce the presence of
high-resolution, fine-grained features. Total trainable parameters: 2.2 million.
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2.4. Training

We first train the semantic classification attention-Unet with the global pre-training
data shown in Figure 1. Given that the pre-training data are produced from model outputs
and post-processing filters, it has errors. Therefore, it is only used to prime the attention-
Unet with a single epoch of training using sigmoid focal loss [40], and a learning rate of
1075. We then use the 610 tiles of manually labelled seen data to create an fine-tuning
set. We use the albumentations package [41] to create a total of 291,772 training samples
and 31,284 validation samples. These are used to fine-tune the attention-Unet with an
initial learning rate of 10~°, which halves at each epoch. We use sigmoid focal loss. The
best weights were reached after 6 epochs of training, with a validation loss of 0.0033 and
a validation accuracy of 0.9755. Next, we fine-tune the Segformer ViT. We again use our
seen data and data augmentation to produce 144,648 training samples with an associated
16,164 validation samples. The Segformer ViT uses a custom loss function included in the
model. With experimentation, we found that the validation loss stopped improving at
a value of 0.073 after 8 epochs of training. Finally, we use both these models to produce
training data for our dual-input Unet fusion model. We generated 127,777 training samples
and 14,079 validation samples. We train the model with sigmoid focal loss and early
stopping. The best weights were reached after 12 epochs, with a validation loss of 0.002
and a validation accuracy of 0.984.

2.5. Inference and Accuracy Assessment

Inference is performed by first processing the image in both the attention-Unet classi-
fier and the ViT classifier. The respective semantic class raster outputs are then processed
again with the fusion attention-Unet in order to produce the final semantic class raster.
Figure 4 gives a summary of the inference pipeline. For the purpose of the quality as-
sessment of the intermediary ViT classification outputs, which have % of the initial image
resolution, we perform a naive upsampling with a 4x repeat of each pixel. We assess
the quality of the attention-Unet classifier, the ViT classifier and the attention-Unet fusion
model (the final output) with the precision, recall and F1 scores calculated against the
manually labelled masks.
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Figure 4. Inference flow chart showing the full pipeline.

3. Results

Figure 5 shows 3 examples chosen from the 67 seen testing tiles. The figure shows the
image and the outputs from the attention-Unet, the Segformer ViT and the final class fusion
model. The F1 scores show a weighted average for the river, lake and bar classes. We note
the following key observations: The F1 score for the dual-input fusion model is higher than
the intermediary F1 scores for either the attention-Unet or the ViT. The models display a
strong ability to map rivers and lakes as distinct classes. Figure 6 shows 3 examples taken
from the 100 unseen testing tiles. Here, we deliberately choose cases where significant
errors in the attention-Unet outputs are recovered by the ViT. On the left, we see a case
with a large lake. In this case, the attention-Unet output ambiguous results with many
lake pixels falsely classified as river along the margins of several 224 x 224 tiles. The ViT
did not make this error and produced a more consistent prediction. The final dual-input
fusion prediction is more accurate than either the ViT or the attention-Unet. In the middle
of Figure 6, we see a case where a wide river channel was falsely classified as a lake. Again,
the ViT made a better prediction, and the fusion model is the most accurate. On the right
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of Figure 6, we see a case where a large area of dry land was falsely classified as dry river
sediments. Once again, the ViT and final fused prediction did not inherit these errors.

QL
o)
(4]
£
F1: 0.905 F1: 0.903 F1:0.919
5 RN
=
-

F1:0.912

(

ViT

F1:0.932 F1: 0,957

€

>
.I.‘| LA .
I
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Figure 5. Seen data classification examples. Top row shows the initial image. Successive rows show
the attention-Unet classification, the Segformer ViT classification and the fused output. Rivers are in
blue, lakes in green and exposed sediment bars in red. F1 scores are the pixel-weighted average of F1
scores for the river class, the lake class and the sediment bar class. Scale bars on the bottom right of
each column represent 10 km.

In Figure 7, we show the distribution of F1 scores calculated for individual tiles in
the seen and unseen test datasets. We use the Mann-Whitney U test and the Kolmogorov—-
Smirnov test to test for statistically significant differences in the distributions. For the seen
data on the top of Figure 7, the Unet and ViT distributions are not significantly different
with p-values of 0.208 and 0.329. The Unet and the Fusion distributions are significantly
different with p-values of 0.013 and 0.016. Similarly, the ViT and Fusion distributions are
significantly different with p-values < 0.000 in both cases. However, readers should note
a tail of poor performance with a small number of samples having an f1 score below 0.6.
In the case of the unseen data at the bottom of Figure 7, the Unet and ViT distributions
are significantly different with p-values of 0.016 and 0.006. Here, the fusion distribution
is very significantly different from both the Unet and ViT distribution with all paired
tests returning p-values < 0.000. Again, there are some poorly performing outliers in the
distribution. If we compare the fusion distributions for the seen and unseen data, we again
find a significant difference with a p-value < 0.000. This confirms the slight degradation of
performance in the unseen test data with respect to the seen test data.
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Figure 6. Error recovery examples for Unseen data classification where Unet errors are recovered
by the ViT and subsequent fusion. Top row shows the initial image. Successive rows show the
attention-Unet classification, the Segformer ViT classification and the fused output. Legend and scale

bars are as in Figure 5.
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Figure 7. Distributions of pixel-weighted average F1 scores of the river, lake and sediment bar classes
calculated for individual test tiles with respect to manual labelled ground truth masks.



Remote Sens. 2024, 16, 4747 10 of 13

Table 1 presents the final aggregated results for both the seen and unseen test data.
We give the precision, recall and F1 scores for the river class, the lake class and the exposed
sediment bar class. The background class is omitted as it always gives results in excess of
0.98, which is a high value not representative of the actual errors in the classes of interest.
Overall, these results show that the ViT tends to slightly outperform the attention-Unet.
This is most acute in the unseen data where the ViT outperforms the attention-Unet by 9%,
7% and 28% for rivers, lakes and bars, respectively. This does not contradict the results in
Figure 7. When we calculate a single F1 score for all the individual pixels in the datasets, the
low-performing outliers in Figure 7 have a large impact. Table 1 also shows that all scores
are systematically best for the fused predictions. In terms of F1 scores, the fused model
improves on the ViT model by 2-6 %. Table 1 also shows that the results have slightly
deteriorated when we compare seen and unseen data with an F1 score degradation of 2%
and 4% for rivers and bars (respectively), while the lake performance level has remained
stable to within 0.1%.

Table 1. Precision, recall and F1 scores calculated for all pixels in all tiles of the seen and unseen test
data. The seen testing data have 170 M pixels. Of these, 4.9 M are rivers, 10.0 M are lakes and 1.0 M
are exposed sediment bars. The unseen data have 222 M pixels. Of these, 4.6 M are rivers, 10.5 M are
lakes and 0.7 M are exposed sediment bars.

Attention Unet Output Segformer ViT Output Fused Outputs

Precision Recall F1 Precision Recall F1 Precision Recall F1
River 0.895 0.806 0.848 0.874 0.907 0.890 0.947 0.932 0.939
Seen Lake 0.876 0.947 0.910 0.908 0.950 0.929 0.955 0.972 0.963
Bar 0.778 0.669 0.719 0.802 0.750 0.775 0.844 0.757 0.798
River 0.819 0.712 0.762 0.822 0.894 0.857 0.927 0.913 0.920
Unseen Lake 0.856 0.937 0.895 0.927 0.957 0.942 0.965 0.963 0.964
Bar 0.372 0.588 0.456 0.685 0.780 0.729 0.734 0.781 0.757

4. Discussion

The attention-Unet and the Segformer ViT delivered complimentary performance
levels. The attention-Unet delivered fine-grained predictions that were mostly very accurate
but somewhat prone to catastrophic failures (Figures 6 and 7). The Segformer ViT was
computationally efficient and delivered a robust performance level much less prone to
failures, but its best outputs were often of slightly lower quality than the attention-Unet
(Figures 6 and 7). A novel yet straightforward dual-input image fusion model that fuses
both semantic classification rasters was found to effectively learn rules to optimally combine
these outputs and use ViT results to recover the errors of the attention-Unet classifier
while keeping the native resolution of the input imagery (here, 10 m). This delivered the
best results and made predictions that were better than either the attention-Unet or the
Segformer ViT. Importantly, our results suffer only a minor but statistically significant
degradation when the pipeline is applied to the unseen data. We see evidence in Figure 7
that the pre-training of the attention-Unet on a comprehensive dataset of 2.1 million samples
evenly spread across the globe did make it robust when applied to the unseen data. In
the seen data, the distributions for the Unet and ViT are not significantly different. But
in the case of the unseen data, the ViT performance is weaker than that of the Unet with
a statistically significant difference in distributions (p < 0.000). This suggests that whilst
large pretrained models developed for computer science applications have significant
potential for Earth Observation, features learned from training on images not related to
Earth Observation are not perfectly transferable. Finally, our final classification results are
delivered without the need for intensive post-processing, which overcompensates for the
fact that we now need to run 3 models instead of the single model of [10].

Drawing a comparison with other works is constrained by the fact that there are
very few other published works that report on the specific task of classifying rivers as a



Remote Sens. 2024, 16, 4747

11 0f 13

References

distinct semantic class at global scales. The nearest comparator is [10]. With the use of
post-processing filters, the authors report recalls of 95%, 94% and 61% for rivers, lakes
and bars, respectively, and precisions of 92%, 84% and 84% for rivers, lakes and bars,
respectively. Without these post-processing filters, the authors report recalls of 56%, 95%
and 57% for rivers, lakes and bars, and precisions of 88%, 73% and 84% for rivers, lakes
and bars, respectively. The results presented here, all achieved without post-processing,
are a marked improvement. In another work, Nyberg et al. [13] report on a global analysis
of river channel belts based a fully convolutional network using VGG-19 as a backbone
applied to global Landsat data. They do not report F1 scores or other similar metrics but
they report a final sparse categorical cross entropy loss of 0.15 on their validation data
with an accuracy of 94% for a binary river/non-river problem. For our seen test data, the
sparse categorical cross-entropy (scc) is 0.15 and the accuracy is 99%. The SCC loss is 0.11
with an accuracy 99% for the unseen test data. The DeepWaterV2 model, ref. [42] only
classifies freshwater based on Landsat data. They report an F1 score of 0.91 for their water
class. The ESA Worldcover product has a water body class with an estimated F1 score
of 0.87 [6]. Additionally, the authors of [9] classify open water based on Sentinel-1 and
Sentinel-2 input imagery. In the case of Sentinel-2 imagery, they find a best F1 score of 0.96.
Finally, the Dynamic World product of [7] has a water body class with an F1 score of 0.98.
When we merge our river and lake classes, we obtain an F1 score for the new freshwater
class of 0.97 and 0.96 for seen and unseen test data, respectively. This value is comparable
to other global scale surveys reported above. At smaller scales, the authors of [43] tested a
range of models, including Vision Transformers, on several local-scale benchmark datasets
located in China. They also found that the attention-based SWIN-Unet performs best with
a reported accuracy of 0.96 for a freshwater class that merges rivers and lakes.

5. Conclusions

We have presented a deep learning pipeline capable of classifying rivers as a dis-
tinct semantic class and which can be deployed at global scales with state-of-the-art re-
sults. As a preliminary test of global deployment, we have run the pipeline on an area of
12 x 14 degrees (11.6 gigapixels per channel) centred around Italy. Inference required
~90 min for a given time period. Extrapolated to a global area, this suggests that processing
a full classification for the non-polar world (approximately 2 terapixels per channel) at a
resolution of 10 metres would now require ~10 days. This is three times faster than the
pipeline of [10] and brings into reach multi-seasonal and multi-annual monitoring for all
the major rivers of the world.
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