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Abstract

Detecting temporal shifts in plant flowering times is of increasing importance in a
context of climate change, with applications in plant ecology, but also health, agri-
culture, and ecosystem management. However, scaling up plant-level monitoring is
cost prohibitive, and flowering transitions are complex and difficult to model. We
develop two sets of approaches to detect the onset of flowering at large-scale and
high-resolution. Using fine grain temperature data with domain knowledge based
features and traditional machine learning models provides the best performance.
Using satellite data, with deep learning to deal with high dimensionality and trans-
fer learning to overcome ground truth label sparsity, is a challenging but promising
approach, as it reaches good performance with more systematically available data.

1 Introduction

In temperate regions, temporal shifts in the timing of plant flowering are a key signal of an ecosystem’s
response to environmental change. In particular, climate change is inducing long-term shifts in
average weather, which tends to advance the onset of plant flowering [1]. This impacts a broad range
of ecological processes: flower exposure to late frosts or heat waves, which is a major driver of
plant reproductive success including crop yield [26]; the synchronization between plants and their
pollinators, which respond to different environmental cues [27]; and the onset of pollen season, which
impacts pollen allergy prevalence [24]. However, plant flowering is also one of the developmental
stages that is most difficult to monitor, compared to more uniform stages like leaf opening, which
is well-tracked by remote sensing [30]. In particular, ground observations on the timing of plant
flowering are sparse, and difficult to exploit due to variation in flowering onset definition and
monitoring frequency. In this paper, we seek to construct a large-scale proxy measure of the onset
of flowering that is: (1) available at a relatively fine spatial resolution to capture local variations, (2)
able to capture interannual variations in the timing of flowering, and (3) able to extrapolate across
time and space, to map flowering across many years and large geographical areas. In particular, we
compare the performance of deep learning models that use rich and widely available satellite
imagery, with lower dimensional models that use domain knowledge informed features, based
on high-frequency weather data or annual vegetation indices.

Implications Measuring interannual shifts in the onset of plant flowering at high resolution is
critical to fully capture climate change impacts on plant yield. Flowering is the period of highest
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sensitivity to detrimental weather events [26, 18, 4], and accurate climate impact estimates require
to precisely measure the incidence of weather extremes within this shifting window of sensitivity,
rather than relying on time-invariant flowering calendars [23]. High resolution flowering data can also
help resolve mixed evidence on climate change impacts on plant-pollinator synchronization [27], by
increasing the amount of co-occurring data on plant flowering and pollinator flight. It can also inform
important management decisions: timing pesticide application to avoid damages to beneficial insects
during flowering, timing herbicide application to minimize seed production of invasive plant species,
timing beehive placement to optimize pollen availability for bees, or planning for local tourism or
spring allergy season. In this paper, we focus here on ex-post detection of flowering onset rather
than on forecasting. The target application is having locally accurate data on flowering onset across
large spatial and temporal scales, to evaluate more precisely the ex-post impact of climate change and
management decisions on ecological outcomes, which will help guide future decisions.

Related work Current efforts to monitor the onset of spring flowering at regional to continental
scales rest on numerous but sparse ground observations [19, 22, 29]; on weather-based proxies like
the First Bloom Index [25] (included in our model comparison), or weather-based species-specific
models of flowering trained on herbarium data [20] (mean absolute error (MAE) ranges from 7 to 79
days across models, and the median MAE is 19 days); and on remotely sensed vegetation metrics,
often not validated using ground truth observations [7]. To overcome the difficulty of comparing
approaches evaluated on different test datasets, which can vary widely in their underlying variability,
we provide a comparison of a comprehensive set of models.

2 The Flowering Onset Prediction Task

At a high level we seek to predict the date of the onset of flowering at the species and land-
scape level, that is the first day of the year when a certain density of flower clusters are observed
across plants of that species in this landscape. In practice, we target a spatial resolution of 500
m to match the resolution of publicly available input data. We instantiate this task for the Com-
mon Lilac, an early spring-flowering shrub, using 398 citizen science labels from a long-term
monitoring program recording lilac phenology [22]. We focus on a region in the Northeast US,
shown on Fig. 1, and on the period 2006-2022, to maximize monitoring density (App. A.l).
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(ADDs), which have long been used for plant phenology modeling S
[6] and capture how much temperatures accumulate over a predeter- TR ongitude
mined threshold over time [11, 9] (App. A.2). For example, ADDs
above 0°C starting from January 1 are the sum of growing degree
days above above 0°C, starting from that date, where growing degree
days capture how much temperatures exceed 0°C over a day. We
also consider using an annual proxy for the onset of flowering, the First Bloom Index, produced by
the National Phenology Network [8] using PRISM weather data, latitude, and day length [25, 2]. The
main drawback of weather and phenology models is the difficulty to account for local adaptation to
climate, or short-term acclimation to interannual weather fluctuations [6]. In addition, spatially and
temporally fine grain temperature measurements are not equally available everywhere.

Figure 1: Study region (ground
truth labels in red)

Second, we can leverage satellite data, such as multispectral reflectance measurements from the
MODIS Terra satellite. In particular, we can use the well-calibrated 8-day surface reflectance product,
available globally at a 500 m resolution and 8-day frequency but daily granularity [28] (App. A.3).
We also consider using annual phenology metrics constructed from MODIS data, such as the onset of
greenness, or greenup midpoint (mid-greenup), which capture different stages of seasonal vegetation
development [15]. A priori, satellite data could capture the onset of flowering more precisely than
weather data by relying on characteristic transitions in reflectance that could generalize more flexibly.
The main challenge lies in extracting relevant features from multidimensional data, which we aim to
do with deep learning models.



Evaluation Goals and Metrics To evaluate our models’ performance in capturing interannual
variations in the timing of flowering at any given location, we assign entire years to training, validation,
and test sets. We test on the last years (2020-2022) and two randomly drawn years (2015, 2016).
This way, we can evaluate the models’ extrapolation to “unseen” years, without relying on spatial
correlation in phenology. We measure model performance using the root mean squared error (RMSE).
To further evaluate the generalizability of our models, we evaluate their performance “out-of-region”
at all flowering label locations across the continental US, excluding our training region.

3 Modeling Approaches

Baselines We consider three Dbaselines. Our null model wuses the average
date of flowering onset across the training set labels as a constant prediction.
Our second baseline is guided by prior observations that plants flower
when exposed to a specific quantity of heat [21]. We fit a simple threshold
model by finding the degree day base, threshold of ADDs, and start
date of accumulation, which best predict the onset of flowering. Fig. 2
illustrates the procedure of RMSE minimization for base 10°C and start
date of January 1. Our strongest baseline uses the First Bloom Index to
predict flowering onset [2], a well-documented reference in the literature
[14]. As a caveat, the First Bloom Index is created using flowering labels
from the same data source that we use. It relies on three other spring- Figure 2: RMSE, base
flowering shrub species, and is not meant to strictly reflect Common Lilac | yo- App threshold;.
phenology. Conversely, it is trained on data from all years and locations,

which creates pseudo test set leakage in its evaluation, and could raise the bar for our other models,
which do not see test years and full US.
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Domain Expertise Models We develop multiple models based on domain expertise, which lever-
age the two types of input data available. First, we construct models based on weather data, using
daily time series of ADDs (above 0°C, 1°C, 5°C, 10°C, and between 0°C and 5°C over the previ-
ous year to capture cold temperature accumulation), weekly precipitation, latitude, and longitude.
We use elasticnet regression for feature selection, with cross-validation
to pick hyperparameters, and we evaluate models with and without in- ,
teraction terms. These models have the advantage of being interpretable. ~ °* ’H
Fig. 3 shows coefficients from a model that uses as predictors ADDs ° ‘u L
above 5°C for each day of the calendar year: greater accumulation of LVU fﬂ\ '

warm temperatures in winter is associated with later flowering onset (pos- I /

itive coefficients), and greater accumulation of warm temperatures in \IW

early spring and early summer is associated with earlier flowering onset B et
(negativ.e coefficients). Second, we construct mpdels based on satellite Figure 3: Elastic-net
data, using p.re-processed annual pl.le.:nology metrics such as mid-greenup. - ehts for ADD base 5°C.
We fit both linear models and traditional machine learning models such

as random forests, elasticnet, and support vector regressions, with feature selection to improve
generalization and cross-validation to pick hyperparameters.
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Deep Learning Models To leverage more complex but widely available satellite data, we develop
two deep learning architectures. While other models directly predict the date of first flowering, deep
learning models predict a time-series of binary “pre/post flowering onset” from which the onset
date is inferred. We want the models to learn temporal patterns across the different spectral bands,
which matter for predicting the timing of flowering. Our intuition is that there is a sharp temporal
transition in what a landscape looks like around that event. We thus base our models on two popular
time-series architectures: a one-dimensional (over time) ResNet [16], inspired by a “non-causal”
Temporal Convolutional Network [3]; and a Temporal Fusion Transformer [17]. Appendix B details
the architectures and the changes we made to the base models. We train both models from scratch.
Since our training data is sparse, we explore transfer learning techniques. Specifically, we pre-train
models to predict time series of ADDs and/or flowering predictions from an elasticnet model using
ADDs (denoted T). We then fine-tune pre-trained models on ground truth labels (App. B.5 provides
further details). After these two steps of training, model predictions only require satellite data as
input, and can be extrapolated to regions that lack fine grain temperature data.



RMSE (std-dev) | RMSE (std-dev)
Model . . .

in-region out-of-region

Average 12.25 (N/A) 20.86 (N/A)

Baselines ADD 10°C Threshold 15.54 (N/A) 16.47 (N/A)
First Bloom Index 9.19 (N/A) 12.63 (N/A) *

. . Elasticnet (ADD 5°C, precipitation) 7.64 (0.01) 12.68 (0.16)

Domain Expertise -

Models Random Forests (mid-greenup, lat) 8.15(0.07) 15.68 (0.15)
Elasticnet (maturity, lat, lon, elevation) 8.07 (0.00) 38.96 (0.29)

ResNet (GT; includes lat, lon) 9.99 (0.42) 24.33 (0.22)

Deep Learning ResNet (Transfer: ADD & T) 8.82 (0.05) 17.00 (0.09)
Models TFT (GT) 9.76 (0.40) 19.82 (2.03)
TFT (Transfer: ADD; includes lat, lon) 10.74 (0.07) 16.68 (0.36)

Table 1: Model performance. Best model overall and best deep learning models are highlighted. In-region uses
test years in our training region, out-of-region uses all years on the whole U.S. except the training region. * Test
set leakage caveat.

4 Results

Quantitative analysis Table 1 summarizes the performance of our best models (see App. C
for more models), and Fig. 4 shows error distributions in the region. We make five observa-
tions. First, the First Bloom Index is a good baseline (modulo pseudo test set leakage issues)
with an RMSE of 9.19 days, easily beating the null model with a 25% reduction in RMSE.
In comparison, the best ADD threshold model (10°C) is not more informative than the null.
Second, traditional ML approaches combined with domain
expertise can leverage weather data more effectively than
the First Bloom Index does. By converting raw tempera-
ture to accumulated degree days, optimizing over temper-
ature bases and predictors, and using a well regularized
model (elasticnet), we achieve an RMSE of 7.64 days.
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Elasticnet
(ADD 5°C, precipitation)
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(maturity, lat, lon, elevation)
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This is our best model, a 17% improvement over the First — (ransfer: ADD &.T)
0 0.04 — TFT(GT)

Bloom Index and 38% improvement over the null, with a
large increase in high precision predictions (Fig. 4). Given
the interpretability of elasticnet, this model is promising
for downstream applications, for geographies where fine 0.00
grain temperature data is available. Third, using satellite
data to predict flowering is challenging. Using annual
expert-guided features calculated from satellite data (mid-
greenup or maturity) yields an RMSE around 8 days, which slightly underperforms the best weather
model. However, these models perform worse out-of-region, especially the elasticnet model, which
could be due to the inclusion of longitude. Fourth, deep learning manages to leverage complex
satellite data despite the sparsity of ground truth data. The TFT model trained on full satellite time
series using only training ground truth labels—denoted TFT (GT)—yields an RMSE of 9.76 days.
It only slightly underperforms the weather-based First Bloom Index, which is a positive surprise,
although average-sized errors are more frequent (Fig. 4). Fifth, transfer learning can improve deep
learning performance, by pre-training the model to predict temperature data, and fine tuning it on
ground truth labels. This yields poor results in-region for the TFT but improves ResNet performance
and out-of-region extrapolation, which achieves the best deep learning results. While it doesn’t beat
our elasticnet ADD model and also performs more variably, it perform 4% better than the First Bloom
Index. Because MODIS is available globally, this model can be used to make predictions in any
geography. A caveat to this analysis is that we test predictions against plant-level labels instead of
averaging labels by exact location and year. In our data, the date of flowering onset can vary across
individual plants in a given location and year, with onset dates spanning 4 days on average. This
mechanically increases prediction errors.
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Figure 4: Errors density, RMSE (vert.).

Qualitative interpretation Visualizing predictions and errors over time and space (Fig. 5, App. C)
sheds further light on model behavior. We observe that the First Bloom Index errors are correlated
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Figure 5: Prediction vs. ground truth (top row) and error over space (bottom row), across all test years.
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Figure 6: Visualizing the predictions of our models in (test year) 2020. Top row: study region. Bottom row:
zooming in around Ambherst to show the fine grain spatial behavior of predictions.

within years, with systematic over-prediction in 2020. Other models do not display this pattern, but
tend to predict closer to the mean over time (small values are over-predicted, large values under-
predicted). This is more pronounced for deep learning models. The ResNet has the widest spatial
cluster of good predictions (Fig. 5). All models predict regional variations consistent with the
strongest baseline (Fig. 6). However, TFT (GT) predictions have high local variance, whereas ResNet
with transfer captures fine grain patterns more credibly.

Next steps Traditional machine learning and to some extent deep learning models can improve our
ability to detect the onset of flowering with high precision over large geographies. The flexibility of
deep learning models offers exciting new directions, such as leveraging spatial features, and multi-task
learning by simultaneously predicting multiple stages of plant development. In addition, this work
sets the stage for forecasting models, where improving accuracy by a few days is particularly valuable.
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A Data Description

A.1 Ground Truth Flowering Labels

Rationale for ground truth data choice and region delineation We look for publicly available
data sources on plant flowering that consistently define and record flowering onset, have large spatial
and temporal coverage within species, and have coverage that overlaps with weather and satellite data
availability. A long-term monitoring program of lilac and honeysuckle phenology provides consistent
records of first flowering over several decades and the entire United States, for several species of
lilac and honeysuckle [22], which makes it a good candidate. We exclude other data sources that
have reasonable spatial coverage, based on inconsistencies in flowering onset definition, insufficient
coverage within species, or insufficient temporal coverage. In particular, digitized herbarium records
and citizen science datasets like iNaturalist provide abundant records of flower presence and absence;
however, spatial coverage comes at the expense of revisit frequency in those datasets, so records are
often not frequent enough in a given location and season to allow the derivation of a reliable onset
date [5]. We focus on a region in the Northeast US to decrease computational time while maximizing
sample size. In addition, different plant species are known to flower at different times of the year.
We focus on a single species, and choose the Common Lilac to maximize sample size (Fig. 7). This
reduces ground truth label availability to 2006-2023 in our study region.
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Figure 7: Number of ground truth labels over time, by species, in our study region.

Flowering onset definition Records of first flowering for lilac correspond to the date when at least
50% of lilac flower clusters have at least one open flower, on a given individual plant. Observers
participating into the program followed specific protocols for monitoring, recording, and sharing their
data, which have been stable over time.

Pre-processing We filter outliers by dropping data points that are beyond 3 standard deviations
of the whole-US average. If we follow the outlier analisys from [22] instead, and exclude records
with onset dates exceeding 1.5 times the interquartile range for individual plants that have at least 10
observations, we obtain a near-identical dataset. After dropping outliers, if there are multiple records
of flowering onset for a given plant and year, we take the earliest date recorded.

Dataset description After pre-processing and filtering pixels based on land cover (Appendix A.3),
we have 398 ground truth labels in our study region. These are split between 230 training labels, and
168 test labels (years 2015, 2016, 2020, 2021, 2022).

A.2 Weather Data

Data source Daily weather data comes from the “Parameter- Elevation Regressions on Independent
Slopes Model” (PRISM), which covers the contiguous United States at a 4 km resolution. These



include daily total precipitation, and daily mean, minimum, and maximum temperature for 1981-2023.
A key advantage of PRISM is that it takes into account complex factors driving spatial variation in
climate regimes (rain shadows, temperature inversions, coastal effects), which makes it particularly
adapted to capturing weather variations at high spatial resolution.

Pre-processing We extract PRISM data over our region and study period using Google Earth
Engine, after reprojecting it to the MODIS 500 m resolution. From daily temperature data, we
compute growing degree days, which capture how much temperatures exceed a threshold for a chosen
period of time [11]. In order to capture important within-day temperature fluctuations, we follow
the literature and first infer the within-day temperature distribution from minimum and maximum
temperature, using a sinusoidal function; we then compute the fraction of each day spent above the
degree day base, e.g. 0°C, which corresponds to the area under the temperature curve above the base
threshold throughout the day ([9], see appendix for formulas). Calculating daily ADDs then simply
requires to accumulate daily degree day values, starting from a predetermined date. Fig. 8 shows the
time series of ADDs using base 5°C and base 10°C, at a sample location.
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Figure 8: Time series of Accumulated Degree Days (ADDs), at a sample location: (y, x) = (400, 600).

A.3 Satellite Data

Rationale for satellite data choice We look for data sources on satellite imagery, which are
publicly available and long-term, to test our models’ ability to capture interannual shifts in flowering
onset. We also try to maximize image frequency, spatial resolution, and spectral range, as infrared
wavelengths in particular can be key for monitoring vegetation characteristics. We choose to use
MODIS data, which has the advantages of longevity (it starts in 2001), high image frequency (daily),
and large spectral range (spanning the visible to the short-wave infrared). Its main disadvantage is its
spatial resolution of 500m, but higher resolution satellite data usually lacks either temporal depth or
image frequency (see fig.1 in [30] and table 1 in [12]). It has the additional advantage of being a well
calibrated satellite product, which makes it suited to making comparisons over both space and time.
We primarily use the MODIS Terra Surface Reflectance 8-Day Global 500m product ([28]), which
selects the least cloudy, aerosol-loaded, and zenith-angled images within each 8-day period. This
effectively filters images for quality, which we have found helps model learning in our sparse label
setting, relative to using lower quality but daily MODIS data. Despite the 8-day frequency of that
data product, we can aim for a strictly smaller error in onset prediction. This is because, for each
pixel and each 8-day period, we know the exact date at which the “best” MODIS image selected was
taken. Our models can thus map spectral reflectance data to exact days, even if temporal coverage is
discontinuous.

Data description From the 8-day MODIS product, we extract 7 reflectance bands, spanning the
visible to the short-wave infrared; a data quality mask, from which we extract 7 quality variables;
a state quality mask, from which we extract 4 variables capturing cloud state, land/water, aerosol
quantity, and cirrus cloud presence; and day of year (image date within the 8-day period). We add



land cover information from the MODIS Land Cover Type Yearly Global 500m product, which is
derived using supervised classifications of MODIS Terra and Aqua reflectance data ([13]). Fig. 9
shows a representation of the satellite data: in each 8-day period, only one day has data (highlighted
in pink), and this day can vary for each period.
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Figure 9: Satellite data [28] layout.

Pre-processing We download all satellite data using Google Earth Engine’s python API. We mask
out pixels classified as “water” or “snow”, based on their dominant land use type throughout the study
period. We also mask out pixels with missing satellite or weather data. Fig. 10 shows the distribution
of land covers across our study region, and across pixels where there are ground truth labels. There
is good representation across ground truth pixels of the main land cover types present in the region
(aside from agriculture). This gives us hope that models can extrapolate from the limited set of labels
to the entire region.
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Figure 10: Land cover types across our study region, and across ground truth pixels (water and snow
are excluded).

B Deep Learning Architecture Details

B.1 Input Transformation

Recall that the input consists in several reflectance measurements and other features for N = 30
observations, each summarizing an 8-day period between January and August for a given year,
depicted in Fig. A.3. To preserve the exact date of observations and work with consistent input
sizes, we first expand the data into a daily time series of 7" days (Fig. 11), in which observed data
(pink) is copied to the corresponding day. The remaining data (white) is padded with zeros, while the
landcover data and day of year data are applied to all days since the landcover value is annual and the
day of year data is known.
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Figure 11: Input expansion from 8-day periods to a daily time series. Data is in pink, 0-padding in
white.

In the case of ResNet/TCN, each categorical variable is embedded into a vector of trainable values.
Since the day of year band is ordinal, we include both the raw and embedded version. We also append
a binary feature describing whether the day corresponds to data from product [28] or whether it is
zero padding.

In the case of TFT models, each categorical variable is embedded into a vector of trainable values
Tyt € Rmodet | where d,ode; 1S @ hyper-parameter of the model. The weights for all quality bands
are shared across time since they carry the same meaning. The continuous variables are linearly
transformed to vectors x; ; € Rémodet  We also include both transformed and original value of the
day of the year.

B.2 Prediction Encoding

Both our TFT and TCN/ResNet models predict a one dimensional time series at the same granularity
as the input (daily for us). We then put each daily prediction in a sigmoid activation, which outputs a
number in [0, 1], which we interpret as a probability of being post-flowering for that day. We use a
binary cross-entropy loss (summed over each day). The label is hence encoded as zeros until the day
before flowering, and a one on the day of flowering and for the rest of the year.

B3 TFT

Our TFT follows the original architecture [17], using 1 attention head, and d,,,q4e; Of 128. We
considered landcover information as static metadata. We introduce four changes. First, we have two
separate variable selection networks in the TFT (each with shared weights): one for days with actual
data [28], and one for days for which we don’t have data. This way, the model can make independent
selection decision for real or extrapolated days. Second, we add an “embedding convolution” between
the variable selection layer and the LSTM layer (in light blue on Fig. 12), consisting of a single depth-
wise time convolution with a kernel size of 35. Third, we add a post-processing time convolution,
which is a one-dimensional convolution producing a single value per time step, and is applied just
before the sigmoid activation. Fourth, skip connections use a weighted sum (instead of a plain sum)
with learning weights. Empirically, this helps alleviate instabilities during training.

B.4 ResNet and TCN

We start from a TCN [3], using 1D residual “causal” convolutional blocks, that is a time convolution
in which the output depend only on past data, depicted in Fig. 13a. Since we predict flowering a
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Figure 13: Causal and non-causal convolution.

posteriori (detection), we do not need a causal convolution, and also try a classic convolution variant.
We describe it as a time based version of the ResNet [16]. Fig. 13b shows the difference. The
convolution layers are combined into a residual block (Fig. 14a), which are stacked to make the final
architecture (Fig. 14b).

We find that on all our tasks, the ResNet version performs better than the TCN. This is consistent
with the fact that we do flowering onset detection a posteriori, which can rely on data from the future,
and not forecasting which could rely only on past data. Since the ResNet always outperforms the
TCN, we only report ResNet results.
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Figure 14: Convolution based architectures. In a residual block, the input has shape z2(~1) ¢
R¢-1*T and the output has shape z(?) € R%*7. Should ¢;_; # ¢;, then a 1 x 1 convolution is
necessary. Both the TCN and ResNet use increasing dilation sizes d, in addition to a larger first
convolution filter size k1 = 33 in the first layer which is then reduced to k2 = 7 in the remaining
layers.

B.5 Training

We study two training approaches: using only labeled data (ground truth), and transfer learning from
intermediary, widely available outcomes.

Training on ground truth only (GT). The first training approach is to train our deep learning model
only using spacial point for which we have labels for the onset of flowering. We train the TFT for
1000 epochs using the SGD optimizer with “ExponentialLR” learning rate scheduler starting at 0.1
with gamma 0.9989 and with early-stopping, and the ResNet for 400 epochs using SGD (weight
decay 0.0003, Nesterov momentum of 0.5, momentum decay of 0.02) with the “ReduceLROnPlateau”
learning rate scheduler (learning rate starts at 0.1, with at most four reductoins of 0.5), and a batch
size of 256 with early-stopping and dropout of 0.2.

Transfer Learning (Transfer). We also consider transfer learning to alleviate the sparsity of labeled
data. In this setting, we first train our model on one or more intermediary outcomes. The first
intermediary prediction we consider is the ADD time-series, since it is the most informative feature
for traditional ML (noted Transfer; ADD). We also consider the predictions of our ADD based model,
which uses the base 5 ADD time-series to predict the onset of flowering (noted Transfer; T). Transfer
learning proceeds in two steps. First, we train our deep learning model (TFT or ResNet) to predict
the intermediary outcome (whole time series) from its input data. We use the same hyper-parameters
as above. In this first step, we train the TFT for 5 epochs, and the ResNet for 4 epochs.

In the second step, we start from our first step model, and fine tune it on labeled data to predict the
onset of flowering. In this second step, we train the TFT for 100 epochs using the SGD optimizer,
and the ResNet for 400 epochs using the SGD optimizer.

C Additional Results

In this section, we document model performance across a larger set of models (Table 2), along with a
visualization of predictions and errors over space (18) and time (Fig. 19). We also include predictions
of our core baselines and models in each test year (Fig. 17).

To understand the generalization of our models outside of their training region, we evaluate each
model on ground truth data on the whole US (outside of the training region), for all years for which
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Figure 15: Prediction vs. ground truth (top row) and error over space (bottom row), across all test years.
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Figure 16: Prediction vs. ground truth (top row) and error over space (bottom row), across all test years.

we have data. This shows the performance of different models on geographies never seen during
training. Table 2 shows the RMSE and standard deviation for each model. We observe that some
domain expertise models generalize quite well. Most notably, the Elasticnet model based on ADD
5°C and precipitation performs as well as the First Bloom Index, a baseline from the literature that
was trained on out-of-region data. Other models however clearly overfit their training region, and
do not generalize well to other geographies. This is the case of the Elasticnet model trained on
maturity, lat, lon, and elevation. Deep learning models trained solely on ground truth tend to overfit
as well, but those using transfer learning do generalize quite well over different geographies. This
is a promising sign for scaling fine grain flowering onset prediction using satellite data. Figure 15
shows the geographical distribution of errors for the models that generalize best, as well as their
distribution compared to the ground truth. Finally, Figure 16 shows the density of prediction errors
out-of-region, compared to that in-region. We can observe that out of region predictions are larger
and more dispersed. Good models have a density concentrated over low errors, with a larger tail than
in region. Geographically overfitted models are not able to predict well out of region and show a
large tail of high errors.
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RMSE (std-dev) | RMSE (std-dev)
in-region out-of-region
Model test years all years
Average 12.25 (N/A) 20.86 (N/A)
ADD 0°C Threshold (optimal 16.73 (N/A) 15.65 (N/A)
threshold value=550)
Baselines ADD 1°C Threshold (optimal 16.89 (N/A) 17.23 (N/A)
threshold value=450)
ADD 5°C Threshold (optimal 15.77 (N/A) 16.47 (N/A)
threshold value=250)
ADD 10°C Threshold (optimal 15.54 (N/A) 16.47 (N/A)
threshold value=100)
ADD 15°C Threshold (optimal 18.72 (N/A) 86.18 (N/A)
threshold value=50)
First Bloom Index 9.19 (N/A) * 12.63 (N/A) *
Random Forests (mid-greenup, 8.15 (0.07) 15.68 (0.15)
Domain Expertise Models | 1at)
(annual phenology features) | Random Forests (mid-greenup, 8.22 (0.07) 15.00 (0.14)
lat, lon)
Random Forests (greenup, mid- 9.40 (0.12) 16.21 (0.39)
greenup, lagged dormancy)
Elasticnet (maturity, lat, lon, el- 8.07 (0.00) 38.96 (0.29)
evation)
Elasticnet w/ interactions (ADD 7.57 (0.02) 15.17 (0.87)
Domain Expertise Models 5°C, ADD 0-5°C, precipitation)
(daily weather features) Elasticnet (ADD 5°C, ADD 0- 7.64 (0.02) 12.66 (0.25)
5°C, precipitation)
Elasticnet (ADD 5°C, precipita- 7.64 (0.01) 12.68 (0.16)
tion)
Elasticnet (ADD 5°C, ADD 0- 7.66 (0.04) 13.64 (0.10)
5°C, precipitation, lon)
ResNet (GT) 11.60 (2.04) 20.12 (0.26)
ResNet (GT; includes lat, lon) 9.99 (0.42) 24.33 (0.22)
ResNet (Transfer; T) 10.28 (1.00) 20.75 (3.54)
ResNet (Transfer; T; includes 10.99 (0.67) 25.40 (3.46)
lat, lon)
ResNet (Transfer; ADD) 8.86 (0.09) 17.15 (0.09)
Deep Learning Models T (Net (Transfer; ADD; in- |  9.42 (0.12) 17.80 (0.07)
cludes lat, lon)
ResNet (Transfer; ADD & T) 8.82 (0.05) 17.00 (0.09)
ResNet (Transfer; ADD & T; in- 9.74 (0.08) 16.17 (0.06)
cludes lat, lon)
TFT (GT) 9.76 (0.40) 19.82 (2.03)
TFT (GT; includes lat, lon) 10.22 (0.12) 16.88 (0.90)
TFT (Transfer; ADD) 11.60 (0.80) 17.65 (0.18)
TFT (Transfer; ADD; includes 10.74 (0.07) 16.68 (0.36)
lat, lon)

Table 2: Model performance across a wider set of models. Models highlighted in gray are included in
Table 1. * Test set leakage caveat.
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Figure 17: Visualizing the predictions of our models in test years 2015, 2016, 2020, 2021, 2022.
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Figure 18: Model error over space, combining all test years (additional models).
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Figure 19: Prediction vs. ground truth across all test years (additional models).
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