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ABSTRACT

Low-cost cameras have recently become widely used to monitor environmental ecosystems. This
paper focuses on scene prediction for monitoring small streams, which is critical for ensuring water
supply and informing early actions for floods and droughts. In contrast to traditional stream models
that typically rely on coarse-resolution weather data, stream images provide detailed information
about water properties and local environment at a higher temporal frequency. This paper presents a
multi-modal generative framework designed for frequent temporal stream imagery datasets, aimed
at generating the subsequent stream images. This task is challenging due to the variability of stream
images caused by changes in time and local environmental conditions. Our method captures scene
changes in both stream and surrounding environment by incorporating temporal context of weather,
water flow, and time information. We also introduce a domain-discriminative learning approach to
enforce the learning of domain-specific information in generating images. Our experiments demon-
strate the superior performance of the proposed method in preserving semantics of water and envi-
ronmental properties, using real data from the West Brook area in western Massachusetts, USA.

1 INTRODUCTION

Effective observation over environmental ecosystems is critical for the sustainability of our planet, especially given the
increasing pressures from environmental degradation, climate change, population growth, and urbanization. Remote
sensing observations have been widely used to monitor environmental changes at large scale, but they are not suitable
for monitoring small local regions due to limited spatial resolution and occlusions of various sources. More recently,
low-cost cameras have been deployed in many environmental applications to consistently monitor target small regions
at a high temporal frequency. These data sources provide rich information to facilitate the understanding of the
underlying processes and timely decision making on managing natural resources.

This paper focuses on monitoring small headwater streams at a sub-hourly scale. Effective monitoring of these streams
are critical for the estimation of multiple water quantity and water quality variables (e.g., streamflow, water depth, algal
blooms), which are needed for ensuring drinking water supply for large population and suitable habitats for aquatic
life. Because of the importance of this problem, scientists have built many different machine learning (ML)-based
stream models (Feng et al.l|2020; Cigizoglu, 2005} Jia et al.| 2021; Karpatne et al.| 2017). However, existing models
highly rely on meteorological data and remote sensing data as input features, but such data sources are only available
at a coarse resolution that is insufficient for predicting small streams. Besides, these data sources do not contain
the information of local catchment conditions, which are critical for understanding the variability of water dynamics
across different stream sites.

To enhance small stream monitoring, scientists have started using low-cost cameras to capture images at frequent
intervals, such as sub-hourly, at ecologically important stream locations (Cam; |Geo). In this paper, we introduce
a new dataset containing stream images that are frequently collected from multiple sites in the West Brook area,
western Massachusetts, USA. This dataset provides new opportunities for building ML models to extract detailed
water-related information and the surrounding environmental conditions. Moreover, we propose Environment-Aware
Latent Diffusion Model (EALDM), which is a new scene-predicting method to to generate subsequent stream images
from previous stream images. This method can facilitate the forecasting of water and environmental conditions in
future time, the imputation and restoration of noisy or blocked images in history for retrospective analysis, as well as
many downstream prediction tasks for water properties (e.g., streamflow). However, this generative task is challenging
as it requires the model to effectively capture not only varying backgrounds and views in different sites, but also the
strong temporal variation in images due to changes in time and environmental conditions.

Here we summarize the contributions made by the proposed EALDM in addressing these challenges. In particular,
EALDM extends the latent diffusion model by incorporating the temporal information and introduces three key in-
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novations. First, EALDM integrates weather data, measured flow data, and camera images, which are from different
sources and of different modalities, into the image generative process. The goal is to ensure that the changes observed
in the generated images relative to the previous images are consistent with local weather conditions and water proper-
ties. Second, the image generative model explicitly takes into account time features, such as time of day and day of
year, to learn from sub-hourly images taken over long periods. Once trained, EALDM can be used to generate images
at specific times and capture seasonal and daily variations. Finally, we introduce a domain-discriminative learning
method, which enforces the learning of background differences across multiple stream sites and improves the image
generation towards a specific site. By leveraging temporal and environmental data, the model goes beyond mere image
editing by predicting future changes in the environment and generating corresponding images, effectively providing a
forward-looking view of the scene.

Our implementation can be accessed through the link https://github.com/Anonymous/EALDM. Our eval-
uations in small headwater streams in western Massachusetts demonstrate that EALDM successfully generates site-
specific images at target times, which precisely capture water flows and environmental changes. This innovative
approach has potential to significantly enhance our ability to monitor and predict streamflow, contributing to improved
water management and ecological studies.

2 RELATED WORK

Stream modeling enables the prediction of water quantity and water quality variables, and thus can facilitate a range
of decision making processes in managing water resources. With the success of ML over the past two decades, there
is a growing interest in using data-driven ML techniques for water dynamics prediction (Feng et al.,|2020; |Cigizoglul
2005} Jia et al.| 2021} [Karpatne et al., 2017} |Ghosh et al., [2022)). These methods typically use weather drivers (e.g.,
precipitation, air temperature, solar radiation) as input features, which are often available at a coarse resolution and
insufficient for predicting small streams. Image-based streamflow prediction methods emerge as promising alternatives
due to their ability to leverage visual data directly. The paper (Zhao et al. 2024) introduces a model combining
Convolutional Neural Networks (CNNs) with Recurrent Neural Networks (RNNs) networks to capture both spatial
and temporal dynamics in sequential stream image. This approach allows CNNs to extract spatial features from
images while RNNs model the temporal dependencies, enhancing the accuracy of streamflow prediction.

Scene prediction for environmental monitoring aims to provide more comprehensive and detailed information by
leveraging the temporal and spatial characteristics of environmental data. Diffusion models (Nichol et al. 2021}
Ramesh et al., [2022} [Saharia et al., 2022; |Song et al., [2020; [Dhariwal & Nicholl 2021} Jia et al., [2023)) are a class
of generative models that gradually transform a simple distribution (usually Gaussian noise) into a complex data
distribution (such as images) through a process that iteratively denoises the data. This process is modeled as a Markov
chain and involves hundreds to thousands of steps, each slightly denoising the input towards the data distribution.

Latent diffusion model (LDM) (Rombach et al., |2022) enhances the efficiency of traditional diffusion models by
operating in a latent space instead of the pixel space. This is achieved by first encoding the data (images) into a lower-
dimensional latent representation using an encoder (part of an autoencoder). The diffusion process is then applied in
this latent space, and finally, a decoder transforms the denoised latent representation back into the image space. This
approach significantly reduces the computational cost and can speed up the generation process without sacrificing the
quality of the generated images. Classifier-Free Diffusion Guidance Model (CFDG) (Ho & Salimans, [2022) extends
LDMs by enabling conditional generation without relying on an external classifier. Instead, the model conditions itself
on given information (like text, class labels, etc.) during the training process, making it more efficient and easier to
use for conditional generation tasks.

Recent advancements in controlled image diffusion models have enhanced the personalization and precision of im-
age generation. Various techniques have emerged, offering diverse methods to manipulate these models for specific
outputs. For instance, DreamBooth (Ruiz et al., [2023)) fine-tunes the diffusion model based on small, user-specific
datasets to personalize content. Text-guided methods modify prompts, CLIP features, and cross-attention (Brooks
et al., 2023} Hertz et al.l 2022} [Kawar et al. |2023), enabling more detailed and context-sensitive image generation.
Controlling the diffusion process allows adjustments over features such as inpainting (Avrahami et al.}2023)) and color
variation (Meng et al.| [2021). Other techniques, such as GLIGEN (Li et al.| [2023Db)), train attention layers to better
guide grounded image creation.

ControlNet (Zhang et al., | 2023) further extends the potential for conditional control in large pre-trained models, such
as Stable Diffusion, by freezing the original model’s parameters and training a separate copy to learn conditional
controls without sacrificing image quality. This copy is used for learning diverse conditional controls, with the two
networks connected via zero convolution layers whose weights are initialized to zero, allowing them to gradually
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adjust during training. Similarly, BLIP-Diffusion (Li et al.| [2024) introduces subject-driven generation, integrating a
vision-language encoder (BLIP-2 (Li et al., |2023a)) with Stable Diffusion to guide the model using both image and
text inputs, improving subject-driven generation and editing capabilities.

3 PROBLEM STATEMENT AND PRELIMINARIES

The objective of EALDM is to generate the image at the next time step n + 1 conditioned on the available images,
current weather information, and water flow data. This is formulated as an image generation problem where the goal is
to accurately predict future scenes that incorporate critical environmental variables. Specifically, at each time step n,
we represent the current image as x”, the weather data as w”™, and the streamflow measurement as ™. The objective is
to learn a model f capable of generating the subsequent image f: {x", w™,y"} — x"*1. These data sources are also
collected over different stream sites (i.e., domains). We train the diffusion model using the collection of samples from
different sites and omit the domain index when it does not cause ambiguity. We will use the subscript ¢ to represent
each stream site when we introduce the domain-discriminative learning method (Section [4.2).

Our proposed EALDM method is based on the latent diffusion model (LDM), which utilizes an encode-decoder
architecture to covert images to the latent space and recover the images, while involving a UNet (Ronneberger
et al., [2015)-based conditional diffusion model for conditional generation in the latent space. First, a given image
X is encoded into a latent representation zg = E(xg) using the encoder FE employed in latent diffusion model.
Noise is progressively added to the latent representation through a forward process, and the obtained noisy data at
t*" diffusion step model can be represented as q(z:|z0) = N (z:; /@:zo, (1 — @;)I), where &; controls the noise
schedule. The reverse process gradually recovers the latent representation by following an iterative denoising pro-
cess po(zi—1|z¢) = N(z¢—1; po(ze,t), Xo(24,t)), for t = T to 1. The training process aims to minimize the loss:
L=E;, ¢ [||e — €9(2z4, 1) ||2], where €9(z;, t) is the predicted noise, and € is the actual noise. After denoising, zg is
decoded back to the image xo = D(z¢) using the decoder D.

4 ENVIRONMENT-AWARE LATENT DIFFUSION MODEL (EALDM)

The Environment-Aware Latent Diffusion Model (EALDM) consists of three key stages: encoding, conditioning, and
generation. In particular, the encoding process is similar to that in the standard LDM. The encoder E processes the
input data x™ at time n and maps it to a latent space representation z”. The intuition is for this latent representation z"
to embed the critical features and dependencies of the input data, which are essential for the generation task. Next, we
introduce a UNet-based conditional diffusion model on the obtained latent representation z". In particular, The UNet
model conditions the generation process for x"*! on the sequential contextual data until time 7, i.e., the temporal
context c” derived from weather, images, streamflow data, and other time-aware features (e.g., time of day and day
of the year). These conditioning factors provide crucial contextual information, which can help effectively guide the
generation of future images. Finally, after we obtain the latent representation for the next time step, z"**, the decoder
D then reconstructs the image x™*! from z" 1. In the following, we will provide details for two major components
in the diffusion model: (i) how we incorporate the temporal context as the model condition and (ii) how we leverage
the spatial domain information in the diffusion model.

4.1 ENVIRONMENT-AWARE CONDITIONING

Temporal changes in stream images could be determined by weather, water conditions, as well as the time when images
are taken. Therefore, it is important to incorporate these influential factors into the image generative process, which
essentially captures the transition of image embeddings from each time n to the next time n + 1. Specifically, we
employ the same encoder from the Latent Diffusion Model to embed the previous image x", as z" = E(x™). To cap-
ture the temporal information, we apply a long-short term memory (LSTM) model to embed sequential weather data
{w!, w2, ..., w"} and streamflow data {3}, 9%, ..., y"}, as w" = LSTM(w', ..., w") and y" = LSTM(y!,...,y").

Additionally, the background and appearance of stream images reflect both seasonal patterns (e.g., green foliage in
summer and snow-covered landscapes in winter, as shown in Figure |3)) and short-term variations throughout the day
(e.g., daytime versus nighttime images). To capture temporal variations in the images, we introduce two variables:
tq, representing the time of day, and ¢,, representing the day of the year. The incorporation of these variables into
the generative process helps capture both long-term and short-term temporal changes of the environment. Inspired by
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Figure 1: The overall structure of the proposed EALDM method.

(Harkonen et al., 2022), we embed time using sine and cosine functions to preserve its periodic nature, as follows:

sin(27r7'0td)
in | cos(2mTota)
t(ta,ty) = sin(2wTity) M
cos(2mTity)
where 79 is the day cycle, which is set to 1, and 71 = 552%= is the year cycle.

Since weather, streamflow, and time influence temporal changes in stream images, we employ adaptive instance nor-
malization (AdaIN) (Huang & Belongie, |2017) to integrate these factors into the image embedding z". Specifically, we
used AdalN to separately integrate each of these factors (w", y™, t") into the image embedding, and then concatenate
the Adaln outputs with the image embedding, as h},y = [AdaIN(z",f“), AdaIN(z", w"), AdaIN(z", "), z"].
Then we apply a series of transformations to h}, ;. With convolutional layers, a bath normalization layer, and a resid-

ual layer, as shown in Fig. 2} This process can be expressed as hg,., = Conv o BN o Conv(hj,;y) + z". Finally, we
flatten the obtained embedding hg,,, and apply a linear layer to generate the condition vector c”.

Given the condition vector, we then learn a conditional noise prediction at the tth step, as €p(z}, t,c"), in addition to
the original unconditional noise prediction €y (2, ). Following the prior work (Ho & Salimans| 2022)), we combine
these predictions during inference with a scale factor s, as follows:

€o(zy,t,c) = €p(2},t) + s (eg(zf,t,c™) — €p(z],1)) . 2)

The training loss combines both conditional and unconditional terms: £ = Eizn c.cn [|l€ — €a(z), T, ¢™)[?] +
AE: 25 ¢ [|l€ — €a(z}, 1)||?], where X balances the two components.

4.2 DOMAIN-DISCRIMINATIVE LEARNING

The environment-aware conditioning ensures that the

model generate temporally consistent images that reflect Weather
environmental and time changes. A challenge arises L,

as the image-generative model needs to adapt to differ- ‘
ent spatial domains (i.e., different stream sites) while Image = & | Water Flow
preserving the domain-specific conditions when used to
generate images for a target domain. Our goal is to
guide the model to generate accurate images based on the

L,

Conv 3x3,4,/1

domain-specific conditions while discouraging the inffu- ta ﬂ’/\/\/\JH L
ence of other domain conditions. To achieve this, we v =" N\

extend the proposed model by incorporating a domain- Conv 3x3,4,/1
discriminative learning method, which helps better dif- oLy >

ferentiate between the conditions of the target domain

and those from other domains. . e .
Figure 2: Conditioning architecture.
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Specifically, we represent the condition vector for the target domain ¢ at time 7 as ci', which is obtained using the
method described in Sectionfd. 1} and the condition vector for another domain as 7, for j = 1. These condition vectors
embed the environmental information needed to capture temporal changes to generate the next stream image at time
n + 1. Using these condition vectors, we generate three versions of predicted noise: €p(z}', ) represents the model’s
predicted noise for z* at time n and diffusion step ¢ without any domain-specific conditioning, €y (z}, ¢, c*) denotes the
model’s predicted noise conditioned on the information of target domain (c7') at time n, and €y (z', , ¢}/ is the model’s
predicted noise conditioned on the information of another randomly sampled domain j (c}) at time n. Combining
these predicted noises, we extend Eq. to generate a domain-discriminative noise prediction, €y(z}, t, c?, cg-’), which
is defined as:

€9(z;,t,ci',c}) = ep(zy,t) + 5 (€a(zf' s t,C}') — €a(zy' ) + 5 (eg(z?,t, cl)— eg(z?,t,c?)) 3)

According to this equation, the domain-discriminative noise leverages both the domain-specific conditions and the
differences between the target and other domains. At each time n, the term €4 (2}, t) provides the baseline prediction
for the image z} at the denoising step ¢. The first adjustment term s - (eg(z7,t,cl’) — €g(z}, 1)) shifts the predic-
tion towards the conditions of the target domain c'. The second adjustment term s - (€g(z}, ¢, c}') — €g(z}, t, cy))
introduces a contrast between the target domain c’ and another domain c;.‘, which enforces the model awareness of
the background and style differences across domains. By using the domain-discriminative learning, our model bene-
fits from enhanced adaptability and robustness, better aligning with the desired domain characteristics and generating
more accurate predictions under varied conditions.

5 EXPERIMENTAL RESULTS

5.1 DATASET AND METRICS

The dataset includes sequential images of nine stream sites located in the West Brook area in western Massachusetts,
United States, as well as the local weather and flow data from 2018 to 2020. The dataset, as presented in Table
[ integrates multiple data modalities including high-resolution images, streamflow measurements, and timestamped
weather conditions. Table [2} shows the weather data features that are crucial for precise alignment between the
generated images and real-world environmental changes. All the stream sites involved in our tests are small streams
from the same region. They share the same weather data since they fall within the same grid of existing weather dataset,
such as Daymet (day, 2021). The dataset can be accessed through the link https://github.com/Anonymous/
EALDM/datal

Table 1: Statistics of data from multiple stream sites.

Train Validation Test
Sites Size Flow Date Size Flow Date Size Flow Date

West Brook Reservoir | 271 | 1.01-76.00 | 2021/03/25-2021/10/17 | 108 | 1.30-122.91 | 2021/08/21-2021/09/30 | 162 | 1.20-147.77 | 2021/07/06-2021/08/21
West Brook Lower 680 | 0.20-373.18 | 2019/12/31-2021/11/01 | 272 | 2.86-363.90 | 2021/07/25-2021/09/24 | 480 | 1.42-373.00 | 2021/04/25-2021/07/25
West Brook Upper 788 | 0.04-263.43 | 2020/01/03-2021/11/06 | 315 | 0.58-196.98 | 2021/06/13-2021/08/22 | 472 | 1.11-122.81 | 2021/02/13-2021/06/13
Avery Brook Right 540 | 0.77-69.59 | 2021/03/19-2021/12/21 | 216 | 2.24-76.94 | 2021/10/03-2021/11/21 | 323 | 1.86-283.25 | 2021/07/14-2021/10/03
Avery Brook Left 366 | 1.78-283.25 | 2021/07/02-2021/12/21 | 146 | 4.45-73.00 | 2021/10/29-2021/12/01 | 220 | 2.04-76.94 | 2021/09/08-2021/10/29
Avery Brook Bridge | 155 | 2.44-57.62 | 2021/03/10-2021/12/21 | 38 | 3.83-66.77 | 2021/08/04-2021/11/27 | 39 | 0.81-61.49 | 2021/06/07-2021/08/04
Obear Brook Lower | 320 | 0.03-13.16 | 2021/03/30-2021/11/01 | 128 | 0.03-13.27 | 2021/07/09-2021/10/14 | 193 | 0.01-4.69 | 2021/05/23-2021/07/09
West Whately 137 | 0.47-6.66 | 2021/04/06-2021/10/28 | 35 0.65-10.55 | 2021/07/31-2021/10/06 | 35 0.12-4.90 | 2021/06/09-2021/07/31
Sanderson Brook 168 | 1.19-38.37 | 2021/04/01-2021/10/28 | 45 1.49-38.52 | 2021/08/21-2021/10/02 | 42 1.03-28.70 | 2021/06/19-2021/08/21

Table 2: Summary statistics for weather data.

Statistic T‘:I‘:l:?gci) %:p[)(zgl); Min Temp (C°) | Wind Speed (m/s) | Wind Direction (°) é\: ::dv(v;lnlg) Igsz;:;}:;a\(tg ; ];t‘ L‘;‘Sﬁgh(:]f) . ,Me?n S((;:?;nz ) Total Rainfall (mm)
Mean 9.40 14.81 4.40 1.45 21791 9.17 72.61 1017.39 156.59 3.74
Std 9.98 10.73 9.91 0.67 104.81 3.71 18.88 7.28 94.61 9.19
Min -18.92 -17.18 -49.49 0.00 0.00 0.00 20.77 988.00 5.02 0.00
Max 29.08 36.03 2428 5.37 359.90 27.93 100.00 1039.00 365.70 84.60

We aim to determine whether the generated images resemble the original images in terms of their visual quality. To
achieve this, we use the Fréchet Inception Distance (FID) score (Heusel et al.,[2017) to measure the distance between
the distributions of generated images and real images in their feature space.

Second, we evaluate whether the conditional information has been effectively incorporated into the generated images.
Given the complexity of the conditional information, direct labeling is not straightforward. Instead, we first utilize
GPT-4 (OpenAll 2023)) to classify the weather data of the subsequent day n 4+ 1 into following commonly occurring
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weather labels: ”Sunny/Clear”, ”Cloudy/Overcast”, “Rainy”, ”Snowy”, “Foggy/Misty”, "Windy”, ’Stormy/Severe”,
“Hot/Heatwave”, ”Cold/Cold Wave”, "Mixed/Variable”. We then use ResNet to classify the generated images into
these weather categories. We perform binary classification for each weather category and measure the average F-1
score over different categories.

Furthermore, CLIP (Radford et al.,|[2021) is employed to assess the alignment between the generated images and the
ground truth images. We use CLIP to classify both the generated and ground truth images into the same nine weather
categories. By comparing the classified labels of the generated images with those of the ground truth, we evaluate
whether the generated images exhibit the same environmental conditions as shown in the true images. This helps
verify that the conditional information has been effectively integrated into the generation process. The accuracy is
computed as the fraction of weather categories that share the same outputs between generated and true images, as

Accuracy = Z(CLII;((Q:;%; P(+)) " where CLIP(z) is the classification output of the generated image for different

weather categories, and CLIP(x) is the classification output of the ground truth image. We report the average CLIP
accuracy over all the test samples.

To evaluate the realism of the generated images, we use ResNet to predict water flow (in cubic feet per second) at
each time. We measure the mean squared error between the predicted and observed water flow values. A lower
error indicates that the generated images more accurately reflect the realistic water flow patterns, thus demonstrating a
higher degree of realism of the generated images.

5.2 EXPERIMENT SETUP

The proposed method is implemented using PyTorch, and trained on a single NVIDIA RTX A6000 GPU with 48 GB
memory. We use VQGAN-f-8 for first stage auto encoder part. Image resolution for first stage part is 2562, z-shape is
4 % 32 x 32, model-channels are 256, the transformer depth is 1, and the number of heads is 32. The conditioning is
implemented by cross attention to integrate ¢ and z in latent diffusion, with condition dimension of 512. The diffusion
channel multiplier is set to {1, 2, 4}, the batch size is 4, the length of sequence is 8, and the learning rate is 1e — 06.
The scale factor s is set to 2.

5.3 QUANTITATIVE ANALYSIS OF MODEL PERFORMANCE

We chose Latent Diffusion Models (LDMs), Classifier-Free Diffusion Guidance (CFDG), BLIP-Diffusion (L1 et al.
2024])), and ControlNet (Zhang et al.l 2023) as baselines due to their complementary strengths in image generation
tasks conditioned on time and environmental factors. LDMs operate efficiently in the latent space of pre-trained
autoencoders, which allows for high-quality image generation while maintaining computational efficiency. This is
crucial for handling complex conditioning inputs like weather and time. Additionally, CFDG improves control over
the generation process by leveraging both the latent representation and conditioning input, providing sharper and more
accurate results that reflect the specific climate conditions being modeled. Moreover, BLIP-Diffusion enhances the
model’s ability to interpret and generate images based on detailed textual descriptions, such as complex environmen-
tal and climate factors, by aligning vision and language representations effectively. ControlNet offers fine-grained
control over the generated images by conditioning on structural inputs like depth maps, ensuring that the spatial coher-
ence of the scene is preserved while adjusting for changes in environmental conditions over time. Comparison with
these methods can help validate that our model not only generates high-quality images but also adapts accurately to
environment-related variations.

In Table 3] we present the performance of different methods. In our experiments, we investigated two sampling
methods for handling the time-series nature of the data: random splitting and sequential splitting . The sequential
splitting uses the first (60%) time period for training, (20%) time period for validating the remaining (20%) time
period for testing. In contrast, the random splitting randomly picks (60%) samples for training. As expected, our
results indicate that random splitting yields better performance compared to sequential splitting. This improvement
can be attributed to the fact that random splitting provides a more diverse and representative training samples, and
their distribution is closer to that of the test data. An interesting observation from Table |3|is that the GPT score is
consistently lower than the CLIP accuracy. The dataset contains many night-time images, and it is challenging to
determine weather information from images at night. The proposed model, EALDM, shows the strongest overall
performance, particularly when incorporating all features (image, weather, flow, time), with the highest CLIP score
and GPT F-score, less flow prediction error and competitive FID errors under both sequential and random splits. BLIP-
Diffusion and ControlNet struggle with CLIP score FID, indicating limitations in image quality. LDM excels in FID
but performs poorly on other measures, highlighting its focus on visual realism at the expense of content alignment.
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Table [3]also presents a comparison of how different conditioning factors—image, weather, flow, and time—affect the
performance of the model across various evaluation metrics. We can observe that the CLIP alignment between the
generated images and the ground truth (subsequent images) improves with each added condition. This suggests that
incorporating more conditioning information helps better capture the intended weather and time-related context. we
also report the accuracy of weather classification from generated images, using a ResNet model to predict the weather
conditions based on the image outputs. The ground truth weather labels are derived using GPT-4 to classify the
conditioning data into one of nine common weather categories. This metric evaluates how well the generated images
reflect the intended weather conditions, as conveyed through the real weather data on the subsequent day. We observe
that as more conditions are added (image, weather, flow, time), the accuracy of these weather classifications improves,
indicating that the model is successfully incorporating complex conditional information into the generated outputs.
The model’s ability to predict water flow also gets improved as more conditions are added. This is reflected in a lower
mean squared error (MSE) for water flow predictions, showing that the generated images align more closely with
real-world physical dynamics, such as water movement, when conditioned on additional information. However, it can
be seen that adding each condition tends to slightly increase the Fréchet Inception Distance (FID). This is expected,
as conditioning on more factors adds complexity to the generation process, making it harder to precisely match real
images. This study highlights the trade-off between visual quality (FID) and the alignment of the generated images
with the semantics of conditioning information (CLIP accuracy, GPT label accuracy, and water flow realism).

The results also reveal the effect of domain-discriminative learning on model performance, by comparing EALDM and
EALDM no DG in Table 3] While incorporating domain-discriminative learning leads to a slightly increase in FID, it
brings improvements in other metrics. These improvements occur because the domain guidance helps the model focus
on and leverage domain-specific features and constraints, thereby enhancing its ability to generate more contextually
relevant and accurate outputs tailored to the specific conditions.

Table 3: Comparison of model performances in image generation. The table highlights the evaluation of several
models based on CLIP alignment, GPT-labeled weather classification, FID, and flow prediction errors. It also shows
the effects of sequential and random data splitting and domain guidance. "EALDM no DG” represents the variant of
the proposed method without using the domain-discriminative learning.

Sequential Random

Model Image | Weather | Flow | Time | CLIP GPT F-score FID Flow Error | CLIP GPT F-score FID  Flow Error
BLIP-Diffusion v v 0.05 0.43 6.20 6.2 0.11 0.49 5.72 4.5
ControlNet v v 0.18 0.30 4.92 49 0.24 0.40 13.51 4.0
LDM 0.08 0.05 0.41 5.1 0.10 0.06 0.30 4.2
CFDG v 0.55 0.42 0.53 3.17 0.63 0.58 0.36 1.76
EALDM v v 0.58 0.42 0.47 2.64 0.68 0.65 0.37 1.48
EALDM v v v 0.51 0.43 0.48 2.67 0.79 0.72 0.38 1.46
EALDM v v v 0.55 0.40 0.48 2.57 0.71 0.67 0.39 1.41
EALDM v v v v 0.63 0.53 0.89 2.16 0.84 0.75 0.48 1.37
EALDM no DG v v v v 0.61 0.50 0.45 2.54 0.82 0.71 0.32 1.41

5.4 QUALITATIVE EVALUATION OF GENERATED SAMPLES

Figure [3]shows examples of images generated by our model in comparison with BLIP-Dissusion and ControlNet.
Although BLIP-Diffusion integrates weather conditions, it fails to accurately maintain the structure and content related
to the current timestamp, leading to inconsistencies between the generated images and the intended scene details.
ControlNet, while better at adhering to image structure and content, struggles with incorporating weather effects
accurately and often results in lower-quality images. In contrast, our model integrates all specified conditions—current
image, weather, timestamp, and water flow—ensuring that the generated images are both structurally and semantically
accurate.

Figure M]illustrates the results of an ablation study comparing image generation with and without the incorporation of
weather and water flow conditions. The samples highlight how including these conditions affects the generated images
alignment with the subsequent image in the ground truth. In the first row, the ground truth shows an increased water
level that obscures rocks in the river. This detail is accurately reflected in the generated image when weather and water
flow conditions are included but is missed when these conditions are not incorporated. Similarly, in the second row,
the ground truth depicts a decrease in water flow revealing more rocks, a change that is accurately captured only when
the conditions are considered. In the third and fourth rows, incorporating these conditions allows the model to reflect
changes in the scene perfectly, including generating a snowy scene when weather conditions are taken into account.
Without these conditions, the model fails to generate the snowy environment, demonstrating how crucial weather and
water flow conditions are for generating accurate and contextually relevant images. These examples underscore the
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importance of incorporating weather and water flow conditions to achieve realistic and contextually accurate image
generation, as neglecting these factors results in less accurate representations of scene changes. We also show the flow
predictions by the proposed method vs. CFDG in Figure [5] which confirms that the images generatd by our method
can effectively preserve the semantics of water dynamics.

In Figure [] we present examples comparing the performance of our model with and without domain-discriminative
learning. Our findings highlight that the model without domain-discriminative learning occasionally fails to accurately
reflect the structure and content of images from specific sites. This issue arises because the training data does not
cover the entire year for some sites, preventing the model from fully capturing seasonal patterns. As a result, the
model tends to relate the timestamps to other sites it has already seen, leading to generated images that resemble
previously observed structures and content for the timestamp. The proposed domain-discriminative learning addresses
this problem by providing additional context and constraints specific to the target domain, thereby improving the
model’s ability to generate images that are consistent with the target site’s characteristics. As shown in the examples,
when the domain-discriminative learning is applied, the generated images align more closely with the target site,
demonstrating enhanced accuracy and relevance in reflecting the target site’s structure and content.

Previous image Subsequent image BLIP-Diffusion ControlNet EALDM
Sunny & Flear Cloudy & Overcast

s -
o SF 1 @ 06-14-2021 08:15:00

Cloudy & Overcast

O U k0 04-15-2021 06:00:02

Figure 3: Comparison of images generated by different methods (columns 3-5) and the ground truth images (2"¢
column).

6 CONCLUSION

In this work, we introduced the Environment-Aware Latent Diffusion Model (EALDM), which integrates multimodal
data such as weather, streamflow values, and temporal information into the generative process to produce realistic,
environment-consistent images over time. EALDM significantly expands the capabilities of latent diffusion models
by conditioning the generation process on temporal and environmental context. New model architectures have been
developed to effectively embed contextual information from different sources. Our method not only predicts future
visual changes based on past conditions but also ensures that the generated images precisely reflect realistic weather,
time of day, and seasonal variations for the target stream site.
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We demonstrated the effectiveness of EALDM through extensive evaluations, showing that it can generate temporally
coherent images that align with the environmental context. The inclusion of domain-discriminative learning further
improves the adaptability of our model to specific sites, enabling more accurate image generation at different locations.
The results highlight the potential of EALDM for applications in climate-aware image generation, environmental
monitoring, and temporal forecasting.

Previous imag Subsequent image

No weather & flow

Figure 4: Comparison of sequential data splitting, random data splitting, and sequential splitting without using the
conditions of weather and water flow.
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Figure 5: Comparison of flow predictions between EALDM and CFDG across different stream sites.
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Previous image Subsequent image

Figure 6: Comparison of using domain guidance information (i.e., domain-discriminative learning).

7 LIMITATIONS AND FUTURE WORKS

While the proposed EALDM provides significant advancements in temporally conditioned image generation, there are
several areas for future exploration. First, incorporating higher spatial-temporal resolutions could enhance the accu-
racy of environment-dependent predictions, especially in regions where small-scale variations, such as microclimates,
play a significant role. Additionally, integrating more diverse data sources, such as satellite imagery or real-time IoT
sensor data, would further enrich the conditioning process, enabling more precise and real-time predictive capabili-
ties. Another promising avenue is the extension of this work to 3D or video-based temporal generation, which could
better capture dynamic environmental changes. Finally, exploring more sophisticated learning frameworks, such as
reinforcement learning or adversarial training techniques, could further refine the model’s predictive capabilities.

Despite its effectiveness, EALDM has some limitations. First, the model’s reliance on multi-modal data sources
introduces challenges related to data availability, quality, and synchronization. Inconsistent or missing environmental
data could degrade model performance, particularly in real-world applications. Additionally, the current framework
assumes static relationships between environmental variables, which may not fully capture complex interdependencies
like feedback loops or long-term climatic shifts. Another limitation is the computational overhead, as the training
process for high-resolution, environment-aware diffusion models can be resource-intensive, making scaling to larger
datasets or more complex scenarios costly. Finally, the model’s capacity to generalize to unseen environments remains
a challenge, particularly in regions where the conditions are drastically different from the training data.

10
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