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1. Introduction
Since the seminal work of Zhu and Newell (1998), atmospheric rivers (ARs) have been increasingly recognized 
as critical to the water resources of the US west coast, and California in particular. ARs are long, narrow and 
transient channels of intense integrated vapor transport (IVT; Ralph et al., 2018) in the lower troposphere (less 
than 3 km altitude; Guan & Waliser, 2017; Ralph et al., 2004). They are closely, but not exclusively, associated 
with extra-tropical cyclones (Sodeman & Stohl,  2013; Zhang et  al.,  2019). ARs provide much of the annual 
precipitation to the US west coast (Dettinger & Cayan, 2014), most of which is delivered in the form of heavy 
precipitation events (Ralph et al., 2019). As such, the frequency of ARs and their landfall locations are major 
drivers of variability in both droughts and floods across much of the western US coastline.

Despite their importance, variability in the annual frequency of AR landfalls along the US west coast is not well 
understood due to records of limited length. In the second half of the twentieth century, there is good agreement 
between AR landfall dates using different detection algorithms and reanalysis or remotely sensed data sources 
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Plain Language Summary The climate of the US west coast is highly variable, with prolonged 
droughts punctuated by extremely wet conditions. These extremes are driven largely by the frequency of one 
type of storm event, known as atmospheric rivers (ARs), and the location where these storms make landfall 
along the coastline. Although observational data are available to quantify the frequency of these storms over 
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This knowledge gap makes it difficult to interpret the significance of recent trends or climate model projections 
in AR activity. To address this gap, we develop a novel data set of daily AR occurrences in the cold season 
for different regions along the US west coast for the first half of the twentieth century, based on station-based 
precipitation data and machine learning. We then reconstruct the annual frequency of AR landfalls going back 
to 1400 CE using tree-ring based estimates of precipitation. The results show that AR landfalls along the west 
coast have varied considerably over the last 600 years at multi-decadal timescales, but without any trends that 
clearly reflect the impacts of anthropogenic climate change.
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(Brands et al., 2017; Guan & Waliser, 2015; Jackson et al., 2016), with only modest differences arising from vary-
ing data resolution (Guan & Waliser, 2017) and with respect to marginal features (e.g., regions of modest IVT; 
Lora et al., 2020). For the first half of the twentieth century, however, the availability of observations for assim-
ilation is limited and reanalysis-based estimates of US west coast AR landfall occurrences tend to disagree with 
the limited observations available during this period (NOAA-20C and ERA-20C; Brands et al., 2017; Compo 
et al., 2011, Poli et al., 2016). Thus, our current understanding of AR landfall variability is generally limited to 
the most recent 70 years (post 1950).

Furthermore, projected future changes to precipitation along the US west coast are highly uncertain, in part 
because of uncertainty around changes to the frequency of ARs (Dettinger, 2016). The amount of water vapor 
transported by ARs is projected to increase under future warming due to the Clausius-Clapeyron relation (Held 
& Soden, 2006; updated by Hwang et al., 2011), and correspondingly, contributions of total precipitation from 
ARs are expected to increase (Gershunov et al., 2019). However, precipitation intensity may not scale as fast as 
would be expected under Clausius-Clapeyron scaling due to a decrease in upslope wind (Dettinger et al., 2011) 
and because longer duration events driven by synoptic scale systems (like ARs) are impacted by both dynamics as 
well as thermodynamics (Hartmann et al., 2013). In particular, poleward Hadley cell expansion is expected under 
warming (Grise & Davis, 2020) and shifts in the Northern Annular Mode are possible (Screen et al., 2018). The 
associated effects of these dynamic climate changes on AR landfall location are unclear. For instance, Shields 
and Kiehl (2016) projected that landfalling ARs over the US west coast will move equatorward during winter, 
while Ma et al. (2020) identified a poleward movement of ARs in the southern hemisphere. The uncertainty in 
such estimates is significant (Guirguis et al., 2018) and highlights the need to better understand past variability of 
ARs, so that projections and emerging trends in AR frequency and landfall location can be contextualized within 
their range of natural variability. The primary goal of this study is to develop this understanding by reconstructing 
the frequency and landfall location of ARs along the US west coast over several centuries using a combination 
of station-based precipitation records (for the first half of the twentieth century) and tree-ring based moisture 
proxies (for pre-twentieth century).

Along the US west coast, chronologies of tree-ring widths are uniquely suited to record AR activity. Generally, 
tree growth is sensitive only to available soil moisture during the growing season, not the source of precipitation 
(Fritts, 1966; Meko & Woodhouse, 2010). But in the US west and especially the US southwest, tree growth is 
sensitive to cold-season precipitation extremes, even though sensitivity is generally stronger to dry extremes 
(Dannenberg et al., 2019; Stahle et al., 2020). There are a few reasons for this behavior. First, much of the annual 
precipitation in this region is delivered during the cold season by ARs (Dettinger et al., 2011), often in the form 
of heavy and extreme events (Ralph et al., 2019; Steinschneider et al., 2016). Therefore, these storms form a core 
source of moisture that fuels tree growth. Second, these events recharge the snowpack that is later released to 
soil moisture during the growing season, helping to bridge the difference in timing between moisture delivery 
and tree growth (Stahle et al., 2020). Finally, as shown recently in Howard et al. (2023), certain tree species like 
blue oak (Quercus douglasii) are especially sensitive to heavy cold season precipitation, more so than non-heavy 
precipitation. Howard et  al.  (2023) argue this is possibly because only heavy precipitation events in the cold 
season recharge deep soil moisture, especially at lower elevation and warmer locations of the Coastal Range and 
Sierra Nevada where blue oak are often found and precipitation falls more often as rain than snow. Conversely, 
non-heavy precipitation mostly wets the shallow soil, and so is more vulnerable to evaporative loss before the 
trees can access it for growth. For all these reasons, cold-season precipitation and the large storms that deliver it 
are uniquely important to tree growth across much of the US west coast.

Previous work has leveraged this unique response of tree growth to heavy, cold-season precipitation in the west-
ern US to reconstruct ARs at an annual scale over the southern California coastline (Steinschneider et al., 2018) 
and extreme precipitation (often related to ARs) in the Sacramento River basin (Borkotoky et  al., 2021) and 
Sierra Nevada (Howard et al., 2023). These studies identified quasi-periodic, inter-decadal signals in their respec-
tive target variables back to the mid-1400s. In addition, Steinschneider et al. (2018) showed that chronologies 
in Arizona, New Mexico, Utah, Colorado and central Mexico were useful for reconstructing AR landfalls along 
the southern California coastline, and Borkotoky et al. (2021) highlighted the link between extreme precipitation 
events in the Sacramento River Watershed and tree-ring moisture proxies in the Pacific Northwest. These results 
indicated that tree-ring chronologies beyond the target region for reconstruction were able to provide useful 
information to support the reconstruction. ARs with high intensity often penetrate the Sierra Nevada, Cascades, 
and Peninsular Ranges through low-elevation corridors and deliver moisture further into the Intermountain West 
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(IMW) (Rutz & Steenberg, 2012). In so doing, precipitation patterns in the IMW can be indicative of the location 
of AR landfall along the coast (Alexander et al., 2015; Rutz et al., 2014, 2015; Swales et al., 2016). Similar results 
have been found for ARs striking the western Canadian coastline (Vallejo-Bernal et al., 2022). This provides a 
unique opportunity to capture the spatial pattern of landfalling and inland-penetrating ARs based on precipitation 
recorded in tree-ring chronologies along these moisture conducive pathways, especially from moisture-sensitive 
chronologies within the drier interior of western North America.

The work in Borkotoky et al. (2021) and Steinschneider et al. (2018) established the possibility of reconstructing 
ARs and related precipitation extremes within specific regions along the US west coast. However, those studies 
did not develop a pan-coastal-scale assessment of AR frequency or how the latitude of AR landfalls has varied 
over the last several centuries. In addition, those studies only focused on annual reconstructions of AR frequen-
cies using tree-ring based records but did not attempt to use more finely resolved information (long daily precip-
itation records) to develop a more detailed reconstruction of AR behavior in the recent past. These are the tasks 
undertaken in this work. The present study aims to answer the following research questions:

1.  How well can the daily and annual occurrence of AR landfalls be reconstructed using station data of daily 
precipitation (over the twentieth century) and tree-ring based estimates of annual precipitation anomalies 
(back to 1400 CE), respectively, for regions along the US west coast?

2.  How has the frequency and landfall location of ARs across the US west coast varied over the last 600 years?

To answer these questions, we develop for the first time a reconstruction of daily, cold-season landfalling AR 
occurrences for three regions along the US Pacific coastline using a novel machine learning approach and 
station-based precipitation data that is available back to 1916 CE. This reconstruction reveals previously unre-
ported AR occurrence variability at a daily scale for the first half of the twentieth century. We also develop a novel 
set of reconstructions of the frequency of annual cold-season AR precipitation events for those same regions 
using a recent tree-ring based reconstruction of cold-season precipitation totals that is available back to 1400 CE. 
This reconstruction can be used to understand long-term (decadal to centennial) variability of ARs along the US 
west coast. Together, these reconstructions compose the most comprehensive assessment of pre-instrumental AR 
landfall variability along the US west coast that is available to date.

2. Data
2.1. Atmospheric River Landfall Catalog

Daily occurrences of AR landfalls along the US west coast are taken from the Scripps Institute of Oceanography 
(SIO)-generated AR catalog (SIO-R1 catalog; Gershunov et al., 2017). This catalog reports individual AR events 
across western North America from 1 January 1948 to 31 December 2020, detected using IVT and integrated 
water vapor (IWV) from the National Center for Environmental Prediction-National Center for Atmospheric 
Research reanalysis data (Kalnay et al., 1996). ARs are defined as a 1500 km long structure with IVT and IWV in 
excess of 250 kg/m/s and 15 mm, respectively, sustained continuously for at least 18 hr. The grid cell correspond-
ing to the maximum IVT along the coastline is considered to be the AR landfall location. The catalog was vali-
dated in three ways, including: (a) a comparison against the special sensor microwave/imager—integrated water 
vapor catalog by Neiman et al. (2008) (updated in 2015); (b) an assessment of the AR contributions to observed 
precipitation over the western US; and (c) a comparison to AR databases based on other reanalysis products.

For this study, we use the daily occurrence (binary value of 0 or 1) of cold-season (October–March) ARs landfall-
ing at six locations along the US west coast. These locations are separated by 2.5° latitude (the native resolution 
of the SIO-R1 catalog), and are near the following metropolitan areas: Santa Barbara, California; San Francisco, 
California; Redding, California; Medford, Oregon; Portland, Oregon; and Seattle, Washington (see Figure 1). 
These daily occurrences are then aggregated spatially for three regions (south: Santa Barbara and San Francisco, 
central: Redding and Medford, north: Portland and Seattle), where a region experiences an AR landfall occurrence 
on a given day if either or both locations in that region experience an AR landfall on that day. This aggregation was 
used to reduce noise in the signal between landfall location and both the precipitation gauges and tree-ring based 
moisture proxies. AR landfalls in these three regions form the target variables for reconstruction in this work.

2.2. Precipitation

The station-based Global Historical Climatology Network (GHCN; Menne, Durre, Vose, et  al.,  2012) is the 
primary source of daily precipitation data used in this study. We utilize a previous, gap-filled version of this 
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data set that includes 470 stations across western North America with data 
that extend back to 1915 (Borkotoky et  al.,  2021; see Figure  1). For the 
gap-filling procedure, all missing daily precipitation totals are marked as zero 
if every other station within a specified radius (starting at 50 km but made 
larger if necessary) with valid precipitation measurements that day reported 
zero precipitation. The remaining missing values are then gap-filled based 
on quantile mapping to arrive at a continuous record of station-based daily 
precipitation. The final data set only includes those stations which have, prior 
to gap filling, at least 75% of daily values in at least half of all calendar 
months during at least three of the four 26-year sub-periods from 1 January 
1915 to 31 March 2020 (with the final period being 17.25 years). As such, 
gap-filling is applied only to stations that already have good data coverage 
throughout 1915–2020. Borkotoky et  al.  (2021) provides additional detail 
regarding the gap-filling procedure.

2.3. Reconstructed SPI

We utilize a gridded, tree-ring based reconstruction (0.5° resolution) of the 
standardized precipitation index (SPI) for cumulative cold-season (Novem-
ber to March) precipitation total across western North America (Figure 1), 
described in detail in Borkotoky et al. (2021) and Williams et al. (2021). This 
data set, which extends from 1400 to 2020 CE, leverages an updated version 
of the chronology network used for previous hydroclimate reconstructions 
in western North America (e.g., Cook et  al.,  2010; Stahle et  al.,  2020; 
Williams et  al.,  2020). The network is composed of 1620 chronologies of 
tree-ring width index and spans from 24°N to 56°N, 102°W–124°W. The 
chronologies have continuous data coverage from at least 1800–1983  CE, 
and 1,458, 866, 483, and 332 chronologies extend back to 1700, 1600, 1500, 
and 1400 CE, respectively. Most of the chronologies, which are calculated 
from raw tree-ring width measurements obtained from the International 
Tree-ring Databank (hosted by NOAA), are detrended using the signal-free 
method (Cook et  al.,  2015; Melvin & Briffa,  2008). The chronologies are 
used in a point-by-point principal component (PC) regression to recon-

struct cold-season SPI based on a merged precipitation product derived from the 1/24° NOAA Climgrid (USA; 
Vose et al., 2014b) and 0.5° CRU 4.04 (Canada and Mexico; Harris et al., 2014) monthly precipitation datasets. 
After 1983, the gridded product is based on observed SPI. Additional details about this gridded SPI data set are 
discussed in our previous study (Borkotoky et al., 2021; Williams et al., 2021).

3. Methods
We employ two predictive models to reconstruct the occurrence of AR landfalls in three regions along the US 
west coast (Figure 2). First, we develop independent neural networks to estimate daily cold-season AR land-
fall occurrences in each of the three regions in Figure 1 (i.e., one neural network per region), using the daily, 
gap-filled GHCN precipitation totals as predictors. We introduce methods for uncertainty propagation and model 
interpretability to understand better the reliability of these reconstructions. Using the fitted neural networks, 
we reconstruct the daily occurrence of AR landfalls back to 1916 CE. We then reconstruct annual counts of 
cold-season AR landfalls in the three regions using three separate Poisson regressions, each using PCs of the grid-
ded SPI data as covariates. These regression models are used to reconstruct the annual landfall totals across the 
US west coast back to 1400 CE. We note that the neural network based daily reconstructions of AR landfalls are 
developed independently of the SPI based reconstructions of annual AR counts, and are used for two purposes: 
(a) as a useful stand-alone product that can help resolve uncertainty around AR landfall activity in the early 
twentieth century (see Brands et al., 2017); and (b) as an additional (and independent) data set against which to 
validate our SPI-based reconstructions of annual AR counts. Specifically, during the period of overlap between 
these two models when no AR observations are available (1916–1948), we use the neural networks' predictions, 
aggregated to an annual scale, as a secondary source of validation for the SPI-based Poisson regressions.

Figure 1. Atmospheric river (AR) landfall locations across the US west coast 
(red), the network of rainfall stations (blue), and the gridded standardized 
precipitation index (SPI) (green). The three rectangles designate the northern, 
central, and southern regions of AR landfall occurrences along the coast that 
are the targets for reconstruction.
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3.1. Reconstruction of Daily Cold-Season Atmospheric River Landfall Occurrences

3.1.1. Basic Neural Network Structure

Neural networks (NNs) are non-linear predictive models that learn associations between input data and an output 
(or target) variable of interest by processing the input data through a set of hidden layers (Hastie et al., 2013; 
Nielsen, 2015). The inter-connected hidden layers are composed of processing units known as neurons (or nodes). 
Every node in a hidden layer is derived from a weighted sum of the outputs of the previous layer. The associated 
weights for each node represent its relative importance in computing the corresponding output. The non-linearity 
of NNs comes from the activation function within a node, which allows NNs to approximate any function (Hornik 
et al., 1989). This function takes in a single value as an input and computes an output based on a pre-defined 
operation. Some of the common activation functions are logistic, tanh, ReLU, and SeLU. Every layer is also 
associated with a bias term that can shift the outputs of the activation function at each node in a layer by the same 
amount.

In our study, each of the three NNs is comprised of 470 input nodes (for 470 precipitation stations across western 
North America, see Figure 1), followed by a first hidden layer of 50 nodes, then a second hidden layer with 25 
nodes, and lastly a single output node. The output values are the daily probability of occurrence of a landfalling 
AR in one of the three regions along the US west coast.

3.1.2. Training and Testing

Each NN is trained by minimizing the binary cross entropy loss function (Murphy, 2012). We use the Adam 
optimizer (Kingma & Ba, 2014) to tune the weights via backward propagation and employ the SeLU activation 
(Klambeur et al., 2017) across all nodes except the output node. In our application, the data from 1967 to 2020 
was used for training and that from 1949 to 1966 was used for testing. This led to a 75%/25% split in the data for 
training and testing, a common ratio for such modeling efforts. We also note that the NN structure is well suited 
to adapt to any long-term biases in the precipitation data that might have arisen from the gap-filling procedure.

For each NN, we select a probability threshold above which an AR is considered to have occurred. This thresh-
old is selected by maximizing the F1 score (Chincor, 1992) of the training data. For any arbitrary threshold, a 

Figure 2. Workflow used to reconstruct atmospheric river (AR) counts across the US west coast. (Top right) The neural network is fitted using observed precipitation 
data (1949–2020) as input to predict daily occurrences of ARs back to 1916. These daily occurrences are then aggregated to an annual total. (Top left) The Poisson 
regression is fit based on reconstructed standardized precipitation index (SPI) data (1949–2020) and then used to reconstruct annual AR counts back to 1400 CE.
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sequence of AR occurrences (and non-occurrences) can be derived and compared to the observed sequence to 
produce four quantities: true positives (the model correctly predicts an AR occurrence), false positives (the model 
incorrectly predicts an AR occurrence), true negatives (the model correctly predicts no AR occurrence) and false 
negatives (the model fails to predict an AR). The F1 score is the ratio of true positives to the sum of true positives 
and the average of false positives and false negatives. The thresholds for each of the three models are selected 
separately; these thresholds are used to assess model performance on the test set.

We also assess model performance using Receivers Operation Characteristics (ROC) curves. The ROC curve is devel-
oped by considering a range of thresholds and plotting the true positives against the false positives. For an ideal clas-
sifier, the curve will be at the top left corner with all true positives and zero false positives. We quantify performance 
using the area under the ROC curve (AUC, Bradley, 1996), with the best performing model having an AUC equal to 1.

3.1.3. Dropout

NNs are very susceptible to overfitting, especially with limited training data. Dropout is a regularization technique 
wherein a fraction of nodes along with their connections are removed or “dropped out” during training (Srivastava 
et al., 2014). The rate at which nodes are removed at each layer (l) is given by a user-defined probability (p l). Removing 
nodes randomly forces the NN to learn more rigorous weights and avoid features that are highly co-adapted (depend-
ent) with each other, thereby ensuring that predictions are more generalizable out-of-sample. That is, it prevents the 
model from learning and fitting intricate structure of the training data that might not be present in the testing data 
(Hinton et al., 2012). Predictions in the testing set are made by scaling the weights of the retained nodes in layer l by 
its dropout rate p l (multiplying by 1 − p l). This ensures that the output of the “thinned network” is maintained for the 
out-of-sample data. Another advantage of using dropout is that it gives an “ensemble” of thinned NNs rather than one 
overfitted and dense network, which helps in capturing model uncertainty. Dropout is mathematically equivalent to 
a Bayesian approximation (Gal & Ghahramani, 2016) and can provide a predictive posterior distribution by running 
multiple forward passes through a thinned network with dropout, a process known as Monte Carlo dropout (Gal & 
Ghahramani, 2016; Srivastava et al., 2014). In this study, a constant dropout rate of 50% was used across all layers.

3.1.4. Hyperparameter Tuning

Hyperparameters are parameters that are user-defined and not learned during the model training process. In this 
study, hyperparameters include the number of hidden layers, the number of nodes in each hidden layer, the learn-
ing rate, and the dropout rate. The number of hidden layers was selected based on cross validation performance 
of different independently run networks with one to five hidden layers, with 50, 25, 20, 10, and 5 hidden nodes 
in the first, second, third, fourth and fifth hidden layer, respectively. The optimal learning rate was selected sepa-
rately for each model via a grid search. The performance of all models across all regions was found to be largely 
insensitive to the dropout rate and hence it was held constant at 50%.

3.1.5. Interpreting Neural Network Output

The results of a neural network are not easily interpretable due to its complex structure, but recent techniques 
have been introduced to help reduce the “black box” nature of these models. We use saliency maps (Simonyan 
et al., 2013), first introduced by Itti et al. (1998), to help understand how different precipitation gauges contribute 
to the prediction of AR occurrences for any given observation. Saliency is defined as the gradient of a backward 
pass at the input layer for a particular output. In our context, saliency helps to identify features (observations of 
precipitation) that have outsized influence on predictions of AR occurrence for specific days of the record. We 
average the total saliency for all the days in which an AR struck in a particular region and use it to identify which 
precipitation gauges have, on average, more influence in predicting the occurrence of landfalling ARs.

3.2. Reconstruction of Annual Cold-Season Atmospheric River Occurrences

3.2.1. Poisson Regression of Annual AR Counts Against the Principal Components of SPI

The daily cold-season reconstruction of AR occurrence over the US west coast extends only to 1916 CE. Using 
the gridded SPI data as covariates, we fit a Poisson regression to reconstruct the annual cold season counts of 
AR occurrences in each of the three regions along the US west coast back to 1400 CE. As a first step, we use 
principal component analysis to summarize variability in the entire gridded SPI data set (1400–2020 CE) within 
five western US states (California, Oregon, Washington, Idaho, and Nevada) and the Canadian province of Brit-
ish Columbia. These states and provinces were selected because they encompassed the areas with the highest 
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Spearman rank correlation of the gridded SPI against the annual AR counts in each of the three landfall regions 
(see Figure 1), as compared to areas further into the North American interior. Using varying numbers of PCs as 
predictands, we fit Poisson regression models to the annual cold-season AR counts:

𝑃𝑃 (AR counts𝑖𝑖 = 𝑧𝑧) =
𝜆𝜆𝑖𝑖

𝑧𝑧
𝑒𝑒
−𝜆𝜆𝑖𝑖

𝑧𝑧!
 (1)

log 𝜆𝜆𝑖𝑖 = 𝛽𝛽0 + 𝑥𝑥𝑖𝑖
𝑇𝑇
𝛽𝛽 (2)

Here, xi is the vector of PCs for the ith year, λi is the mean estimate of the annual AR counts in year i, and β is a 
vector of regression coefficients. The relative performance based on Spearman rank correlation is used to select 
the optimal number of PCs needed to capture the inter-annual variability of AR counts.

3.2.2. Model Validation and AR Counts Reconstruction

After selecting the optimal number of PCs, the regression model is trained and validated using a k-fold 
(leave-10-year-out) cross-validation approach. Ten years of observed data are withheld, the model is then trained 
based on the rest of the data, and the trained model is used to estimate the withheld 10 years of AR counts. This is 
done for all three AR landfall regions separately, to explore the ability of the reconstructed SPI data and Poisson 
regression to capture annual variability of AR landfalls across the US west coast. We also evaluate the SPI-based 
reconstruction against the reconstruction of the NN models aggregated to an annual scale in the common period 
prior to available observations (1916–1948 CE).

After assessing the fit and out-of-sample prediction skill of the three Poisson regression models, we use the fitted 
models to reconstruct annual AR counts for each location back to 1400 CE. Using wavelet analysis, we examine 
the inter-annual to multi-decadal variability of AR counts in each of the three regions. We also assess the latitu-
dinal variability of landfalling ARs across the entire US west coast using the following approach:

1.  We normalize the annual counts of ARs in each of the three regions by taking the difference between the AR 
count in a year and the minimum AR count across all years under consideration, and then dividing by the 
range (maximum − minimum) of AR counts across those years for that region. This normalized count of AR 
landfalls ranges between 0 and 1.

2.  For each year, we add the normalized metric of annual AR counts across all three regions, thus developing an 
index representative of the strength of AR activity over the entire US west coast.

3.  In addition, we develop a weighted average of the AR landfall latitude across the three regions, using the 
normalized metric of annual AR counts from step 1 as a weight that gets applied to the latitude of each region. 
To do this, we multiply the normalized metric of annual AR counts from step 1 by the latitude of the region 
(i.e., the average latitude of the two sites within the region), add the resulting values across all three regions, 
and divide by the sum of the normalized counts across sites.

4.  Finally, we center the weighted average of the AR landfall latitude from step 3 around its climatological mean, 
producing annual, latitudinal anomalies in AR landfall location.

Time series of latitudinal anomalies in AR landfall location (step 4) are examined across the entire reconstruction 
and are visualized to emphasize those years with a large absolute count of ARs (based on the index from step 
2 above). The normalization approach helps to differentiate years with significant shifts in the AR landfalling 
latitude but few AR occurrences from those years with both higher AR activity and a considerable shift in the 
average landfalling location.

Finally, the reconstruction of latitudinal variability was compared to six climate indices, namely the Pacific 
Decadal Oscillation, PDO (1855–2021 CE); Pacific North American, PNA (1951–2021 CE); Atlantic Multidec-
adal Oscillation, AMO (1871–2016  CE); El Niño–Southern Oscillation [NINO] (1950–2021  CE); and 
Quasi-Biennial Oscillation, QBO at two levels: 70 hPa and 50 hPa (both 1954–2021 CE). These indices were 
gathered from National Oceanic and Atmospheric Association (NOAA) Physical Science Laboratory.

4. Results
4.1. Validation and Reconstruction of Daily AR Landfall Occurrences

For each of the three regions, 1000 simulations of the NN (with dropout) are used to develop a predictive ensem-
ble of the daily probability of AR occurrence. We use the median of this ensemble to assess model performance. 
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Figure 3 shows the ROC curves of the models based on a set of probability thresholds that ranges from 0 to 1. If 
the threshold of probability is 0, then the true positive and false positive will both be 1 (classify all days as AR 
days), and vice versa for a threshold of 1 (classify all days as non-AR days). The optimal probability threshold to 
distinguish AR occurrence from non-occurrence (i.e., the threshold that gives the optimal F1 score) is 0.3 for all 
regions over the training data (1967–2020). We highlight this threshold in Figure 3 (red point).

All models exhibit good skill, as evidenced by their ROC curves arching toward the top-left corner and AUC 
scores approaching 1. However, even with the optimal threshold, there are a non-trivial number of false positives 
and false negatives. Skill degrades modestly from the training to the testing set for all regions, with the smallest 
declines for the southern region and the largest decline for the northern region. Overall, though, performance is 
similar across regions.

The NN-based daily prediction ensembles of AR occurrence are aggregated to an annual scale to develop time 
series of annual cold-season counts of landfalling ARs across the three regions (i.e., 1000 time series of 72 years 
for each of the three regions). Figure 4 shows the performance of the three models on an annual basis for both 
training and testing periods, including the Spearman correlation and normalized root mean square error (nRMSE) 
for the observed period (1949–2020 CE). The model for the southern region was the best performing in terms of 
Spearman correlation (0.85), and within the predictive uncertainty bounds it was able to capture most years with 
high and low AR counts in both the training and testing sets. The performance for the models in the central region 
and the northern region were similar, with slightly lower values for the Spearman correlation coefficient (0.83 
and 0.78, respectively) but also slightly better normalized RMSE than the southern model. Overall, these results 
indicate that the annual variability of AR counts is well captured by the NN models developed to reproduce the 
daily occurrence probability.

Importantly, the NNs identify previously undocumented (and sometimes record) peaks in annual AR activity 
in the first half of the twentieth century that align well with known flood and extreme precipitation events. For 
instance, AR landfalls in the northern region reached their highest levels in the 1933–1934 cold season, consistent 
with record precipitation totals during that year. Similarly, the NN reconstructions identify important peaks in AR 
frequency in the central region in the 1920s and in the late 1930s.

Figure 3. The receiver operating characteristic (ROC) curve for the neural networks in both the training and testing datasets for the three regions. The area under the 
curve (AUC) and the F1 score are shown on the bottom of each plot. The dashed diagonal line represents the performance of a “random guess” model. The red point 
shows model performance using the optimal probability threshold to distinguish atmospheric river occurrence from non-occurrence.
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To help understand how the NNs use daily precipitation across the domain to estimate AR occurrence proba-
bilities, Figures 5a–5c shows the percentage of seasonal precipitation delivered to each gauge during days of 
observed landfalling ARs for each of the three regions. These days are not mutually exclusive and may overlap 
across different regions. Almost 50% of seasonal precipitation was delivered across multiple precipitation gauges 
during days with AR landfalls across the southern and central regions. Interestingly, the gauges with a significant 
percentage of seasonal precipitation attributable to AR landfalls are not exclusively clustered around the AR 
landfall location. For instance, ARs making landfall in the southern and central regions (Figures 5a and 5b) often 
penetrate through low elevation conduits in the Sierra Nevada and Cascades and deliver precipitation further 
inland (Alexander et al., 2015), contributing a significant portion of seasonal precipitation to gauges in eastern 
Oregon, Washington, and central Idaho. Hence, landfalling ARs in the southern and central regions can contrib-
ute a substantial portion of the total cold season precipitation at locations further north and west. However, as the 
AR landfall location moves further north, the signal becomes weaker, with low seasonal contributions for AR 
landfalls in the northern region.

The contributions of ARs to total seasonal precipitation shown in Figures 5a–5c partially reflect how the NNs 
use precipitation information to generate predictions of AR occurrence. This is shown in Figures 5d–5f, which 
presents saliency maps for the three NN models. The saliency is analogous to the coefficients in a regression 
model. Positive (negative) saliency indicates a direct (inverse) association between the precipitation gauge and 

Figure 4. Time series of the observed (black) and NN-predicted (red) annual atmospheric river (AR) counts for the three regions. The red faded region represents the 
95% predictive interval of the NN ensemble under dropout. The vertical line separates training and testing periods. The Spearman correlation and normalized root mean 
square error (i.e., RMSE divided by the climatological mean) for the observed period are also shown.
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the corresponding prediction of AR occurrence. For all models, the gauges with large, positive saliency are 
similar to those that receive a large portion of seasonal precipitation during AR landfall days; for all regions, a 
regression of site-by-site average saliency (Figures 5d–5f) against percentage of seasonal precipitation during AR 
days (Figures 5a–5c) is significant at the 0.001 level. Sometimes, sites with high saliency are clustered near the 
sites of AR landfall, but not always. For instance, during AR landfalls in the northern region, the saliency map 
suggests that the model for this region uses precipitation signals far away from the location of AR landfall (e.g., 
in central Nevada). Further analysis (not shown) indicates that even though the area of most intense precipitation 
during AR landfall often occurs near the site of landfall, there is often lighter precipitation occurring over a much 
broader region of the US West. The neural network can predict AR landfalls well by identifying these complex 
spatial patterns in the precipitation gauging network.

Finally, we note that we also fit the NN models to AR occurrences at each of the original six locations in Figure 1, 
rather than the three regions. The performance for these models is slightly worse than that of the regional models 
(see: Text S1 and Figures S1 and S2 in Supporting Information S1).

4.2. Validation and Reconstruction of Annual AR Landfall Counts

We now consider predictions of annual AR counts based on the tree-ring based SPI reconstruction. As an initial 
diagnostic, we examine the correlation between the annual counts of landfalling ARs against the gridded SPI 
reconstruction during the years from 1949 to 2020 CE (Figures 6a–6c). For the southern and central regions, posi-
tive correlations are high in some locations (>0.7), and the gridded correlation values form a pattern that closely 
resembles that of an inland penetrating AR (Figures 6a and 6b). We also note that the areas of highest correlation 

Figure 5. (Top, a–c) The percentage of cold season precipitation delivered during atmospheric river landfalling over the 
three regions. (Bottom, d–f) The average saliency of each precipitation gauge in each neural network, representing those 
gauges that most influence neural network predictions.
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are often north of the area of AR landfall (Figures 6a–6c), consistent with previous findings that precipitation is 
often largest to the north of landfalls (Brodeur & Steinschneider, 2020). The areas of positive correlation between 
the SPI and annual AR counts weaken for the northern region. However, for this region, significant negative 
correlations emerge with the SPI in the Southwest, akin to a previously established dipole between precipitation 
in the Southwest and Pacific Northwest (Dettinger et al., 1998). We note that these correlation patterns are very 
consistent with a composite analysis of SPI anomalies during the 10 years with the greatest and lowest number of 
AR landfalls in each of the three regions (Text S2 and Figure S3 in Supporting Information S1).

Figure 6d shows the regression coefficients for the tree-ring based SPI PCs used by the regression models to 
reconstruct AR frequency, while Figures 6e–6h shows the loading patterns for those PCs. These four PCs explain 
nearly 60% of the total variance in the tree-ring based SPI, with PC1-PC4 explaining 31.6%, 15.8%, 5.1%, and 
4.6%, respectively. Consistent with the results in Williams et al. (2021), PC1 exhibits a monopole across the entire 
western US (Figure 6e), particularly south of Washington State. The models for the southern and central regions 
rely heavily (and with negative association) on PC1. That is, if the SPI signal across most of the West is wet in 

Figure 6. (Top left, a–c) The Spearman rank correlation between the observed annual atmospheric river counts in each of the three regions and the gridded 
standardized precipitation index (SPI) during the observed period (1949–2020). (Top right, d) The regression coefficients of each of the four principal components 
(PCs) used in the three Poisson regression models (south [S], central [C], and north [N]). (Bottom, e–h) The loading patterns of the four PCs used as predicants in the 
regression models, along with their percentage of variance explained and cumulative variance explained.
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a particular year, the models predict higher annual AR counts in all but the northern region. PC2 represents a 
north-south SPI dipole with centers over southern California and Nevada and the coastline of the Pacific North-
west (Figure 6f), and has a large, positive influence in all models (albeit slightly weaker for the southern model). 
PC3 emphasizes SPI variability in central and eastern Oregon, flanked by loadings of opposite sign in British 
Columbia and, to a lesser extent, southern California (Figure 6g). This PC has the most contrasting contribution 
to the regression models, with positive responses for models developed for the southern and central regions and a 
negative response for the northern region. PC4, with a zonally oriented dipole (Figure 6h), is most utilized for AR 
count predictions in the southern and central regions. Ultimately, the SPI signal that drives the AR reconstruc-
tions in each model depends on the regression coefficients (Figure 6d) and loading patterns (Figures 6e–6h) for 
all PCs simultaneously, and generally reflects the spatial patterns seen in the correlation maps in Figures 6a–6c.

Overall, the regression coefficients in Figure 6d, taken in conjunction with the loading patterns, show how the 
model for the northern region predicts the strongest increase in AR frequency when there are positive SPI anom-
alies in the far north and negative SPI anomalies in the far south of the domain. Due to the contrasting response to 
PC3, predictions from the northern model will deviate strongly from predictions from the other two models when 
SPI is positive in Washington State and further north, but relatively dry in Oregon, central Idaho, and further to 
the south. Predictions for the southern and central regions will be very correlated (given their similar regression 
coefficients), but dry conditions in the southernmost part of the domain will reduce predicted AR frequency more 
in the southern model compared to the central model.

The three independent Poisson regression models were evaluated using a leave-10-year-out cross validation. 
Figure 7 shows the out-of-sample predictions for all models. Additionally, the observations and annually aggre-
gated AR counts from the three neural networks are overlaid to compare against the regression models' predic-
tions. The models for the central region and especially the southern region estimate the interannual variability of 
AR counts very well, with Spearman rank correlations of 0.62 and 0.79, respectively (Figures 7a and 7b). In addi-
tion, the Poisson regressions show good agreement with the neural network estimates in the pre-observational 
period (1916–1948) for both the central and southern regions (rank correlations of 0.71 and 0.79). The model for 
the northern region exhibits somewhat lower skill, with Spearman rank correlation coefficients of 0.58 and 0.60 
for the observed (1949–2020) and neural network predicted (1916–1948) AR counts (Figure 7c). Still, the north-
ern model does capture some of the peaks and troughs in the observed series, and generally reflects observed 
variability on multi-year timescales. We also note that the northern model is able to distinguish between years 
with high AR frequencies in the south but low AR frequencies in the north using gradients in the SPI across those 
two regions (Text S3 and Figure S4 in Supporting Information S1).

Finally, we also refit the regression models for each of the original six locations and found some deterioration in 
performance for all locations when compared to their regional counterparts (Text S4 and Figure S5 in Supporting 
Information S1). This indicates that aggregating the six locations into the three representative regions improves 
the ability of the models to capture annual AR activity. Additionally, we performed a similar analysis using SPI 
data only through 1983 CE (a period during which the SPI data is based solely off tree-ring based estimates, 
rather than observed SPI post 1983). We found that the results were very similar to the models that use SPI data 
for the entire instrumental period (1916–2020 CE), including SPI PCs with extremely similar spatial loading 
patterns and explained variance within 0.5% of the original PCs, and regression coefficients of the same sign and 
very similar magnitude for all three models as compared to those in Figure 6d.

4.3. Inter-Annual Variability in AR Counts and Landfall Latitude

The fitted Poisson regression models were used to reconstruct the annual counts of landfalling ARs across the US 
west coast back to 1400 CE. These three reconstructions are shown in Figure 8. Overall, reconstructions for the 
southern and central regions are highly correlated (Pearson r = 0.86) and exhibit very similar low-frequency varia-
bility. However, the reconstructions between these two regions do occasionally deviate, for instance with the higher 
frequency of ARs in the south during the mid-1970s or occasional peaks in the south that are not present in the 
central region (e.g., just prior to 1650). The northern model deviates more from the central model and especially 
from the southern model, with correlation coefficients of 0.49 and 0.08, respectively. When the reconstructions 
are differenced, the northern and southern models exhibit the most notable, extended deviations in AR frequency 
during the 1470s, 1570s, 1840s, and 1950s, when AR frequency is higher in the north as compared to the south, 
and during the 1550s, 1740s, 1940s, and early 1980s when the opposite scenario emerges. These differences 

 21698996, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038321 by U
niversity O

f C
alifornia, L

os, W
iley O

nline L
ibrary on [01/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

BORKOTOKY ET AL.

10.1029/2022JD038321

13 of 21

emerge most prominently when there are significant spatial gradients in the SPI between the northern most part of 
the domain (Washington and southern Canada) and regions in Oregon, central Idaho, and further south (Figure S6 
in Supporting Information S1). We also note that none of the three reconstructions suggest twentieth to twenty-first 
century trends in AR landfall frequency that exceed the variability experienced in previous centuries.

Figure 9 shows the results of a wavelet analysis applied to the three reconstructions, based on a Morlet wave-
let (Torrence & Compo, 1998). In certain respects, the spectra are very similar across the three regions. For 
instance, they all exhibit a consistent periodic signal between 2 and 8 years that weakens prior to the 1500s. 
Another signal with 10–20 year periodicity is dominant in the late twentieth century everywhere (with dimin-
ished strength in the north), and appears intermittently throughout the three regions back to the mid-1500s. 
This signal is in agreement with the 13–15 years cyclicity in western US cold-season precipitation evaluated by 
Johnstone (2011), the 10–20 year periodicity of winter precipitation along the central Pacific coast (St. George 
& Ault, 2011), and an approximately 15-year periodic signal in AR landfalls in Northern California shown by 
Dettinger and Cayan (2014). Williams et al., 2021 also identified twentieth-century signals of similar periodicity 
for cool-season precipitation in the Sierra Nevada. An additional signal with a 30–70 year periodicity is present 
around the turn of the twentieth century for all regions and is seen throughout much of the reconstruction in the 
central region. This signal is also prominent in the north (with a break during the 1800s) but should be interpreted 
cautiously, as the model there exhibited somewhat weaker out-of-sample performance.

Figure 10 a shows the observed shift in latitude of the weighted-average AR landfall location across the US west 
coast during the instrumental period (using 1949–2020 CE for normalization; see Section 3.2.2), smoothed with 
a 10-year rolling average. Figures 10b and 10c show the same for the annual AR counts predicted by the NNs and 

Figure 7. Time series of the observed (black) and leave-ten-years-out predicted (blue) annual atmospheric river (AR) counts for the three regression models. The red 
dashed line represents the neural network fitted (1949–2020) and reconstructed (1916–1948) annual AR counts for the three regions. The blue faded region represents 
the 95% predictive interval of the Poisson distribution under the regression models. The numbers in the top-right corner of each plot represent the Spearman rank 
correlation coefficient between the estimated AR counts from the regression model and the observations (in black) and neural network (in red).
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Poisson regression models, respectively. In the observations (Figure 10a), there was a significant poleward shift 
in AR landfall in the mid-1950s through the mid-1960s, followed by an equatorward shift that peaked in the early 
1980s. The poleward shift from the mid-1950s to the mid-1960s is consistent with a shift in the transition zone 
of the winter precipitation dipole during that time (Wise, 2010). A weaker poleward shift of AR landfalls started 
in the late-1980s and lasted until the mid-1990s. Afterward, the 10-year rolling mean latitude of AR landfalls 
remained near the climatological average, with only a small tendency equatorward that appears to end around 
2010.

The NNs (Figure 10b) generally replicate the same latitudinal shifts as seen in the observations, with a few excep-
tions. In particular, the NNs show smaller poleward shifts in landfall location in the mid-1950s and early 1960s 
that also extend to the early 1950s, a poleward shift in the 1970s that isn't present in the observations, a larger 
equatorward shift in the 1990s–2000s, and a stronger poleward shift after 2010. Arguably, the tree-ring based 
Poisson regression estimates (Figure 10c) do a better job in replicating the observed, decadal shifts in AR landfall 
location and frequency, although they predict a much more intense equatorward shift in the late 1990's and early 
2000s. The Poisson regression models and NNs are also in close agreement for the period from 1916 to 1950, 
both in the frequency and direction of AR landfalls.

Figure 11 shows the 10-year rolling average latitudinal shift in landfalling ARs from the Poisson regression-based 
reconstruction (using 1400–2020 CE for normalization; see Section 3.2.2). The reconstruction suggests that there 
has been significant decadal periodicity in the average location of AR landfalls along the US west coast over the 
last several centuries. Throughout much of the 1400s, there was a significant poleward shift of ARs, only briefly 
interrupted by small equatorward shifts. Starting in the late 1400s and extending through until 1550, there were 
several short oscillations in landfall location. This was followed by a significant equatorward shift in ARs for 
about 30 years, and then from 1575 to 1675 there was a centennial poleward shift in AR occurrences interrupted 
only briefly by aperiodic breaks toward the equator. A long equatorward shift followed from 1675 to 1750, after 
which smaller multidecadal shifts in AR latitude continued until just before 1850. At the turn of the twentieth 
century through to present, there were several significant, equatorward shifts in AR occurrences, with only a few 
poleward shifts after 1950 and 2010. However, the full scope of the reconstruction suggests that while the latitude 
of AR landfalls has varied significantly on multi-decadal timescales over the last 600 years, there are no clear 
secular trends over the last several decades that suggest systematic shifts in the location of AR landfalls beyond 
what might be expected due to natural variability.

Figure 8. Time series of reconstructed annual atmospheric river (AR) counts (in black) for the three regions back to 1400 CE. The 10-year rolling average of the AR 
series is shown in red, while the 10-year rolling average of the 95% confidence interval is shown in blue bounds.
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Finally, Figures 12a–12e shows the 10-year rolling average of five climate indices (Pacific Decadal Oscillation 
[PDO], Pacific North American [PNA], Atlantic Multidecadal Oscillation [AMO], NINO3.4 and Quasi-Biennial 
Oscillation [QBO] at 70 hPa and 50 hPa) against the 10-year rolling average of the latitudinal variability of 
landfalling ARs (derived from the regression models). All of these indices are moderately correlated with AR 
latitudinal variability, with the PDO and PNA exhibiting negative correlations and AMO, NINO and QBO at 
50 hPa and 70 hPa exhibiting positive correlations. The QBO at 70 hPa has the strongest correlation with AR 
latitudinal variability. This strong correlation is consistent with past work highlighting QBO controls over AR 
activity (Mundhenk et al., 2018). These six climate indices were used to estimate the latitudinal variability of 
landfalling ARs (1954–2016 CE) using a multivariate linear regression model. Figure 12f shows the observed 
versus the fitted AR latitudinal variability. It indicates that the combination of the six indices was able to capture 
the latitudinal variability of landfalling ARs quite well, with an R 2 = 0.51. Interestingly, if a similar model is 

Figure 9. Wavelet power spectra for the annual atmospheric river count reconstructions across the three regions, based on the Poisson regression models. The areas 
within the shaded black boundary are significant at the 90% significance level.
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Figure 10. (a) The shift in weighted latitude (10-year rolling average) of landfalling atmospheric rivers (ARs) across the US west coast during the observed period 
(1949–2020 CE). The latitude within parentheses indicates the weighted-mean location of ARs during the instrumental period and the shading intensity represents a 
normalized score of the number of ARs landfalling during that year (darker shade means a greater number of ARs). A poleward (equatorward) shift is indicated by 
the blue (red) shading. The dashed vertical line demarcates the instrumental record from the reconstruction. (b) Represents the same weighted latitude shift of the 
landfalling ARs as estimated by the neural networks. (c) Denotes the same but for the tree-ring based Poisson regression estimates.

Figure 11. The 10-year rolling average shift in latitude of landfalling atmospheric rivers (ARs) across the US west coast over the last 621 years, based on 
reconstructions from the Poisson regression models. The latitude within parentheses indicates the weighted-mean location of ARs during the reconstruction period 
and the shading intensity represents a normalized score of the number of ARs landfalling during that year (darker shade means a greater number of ARs). A poleward 
(equatorward) shift is indicated by blue (red) shading.
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developed for any of the individual AR frequency reconstructions shown in Figure 8, the R 2 is significantly lower 
and always less than 0.15 (see Figures S7–S9 in Supporting Information S1), suggesting that the climate indices 
are better related to the latitudinal variability of AR landfalls across the three regions rather than the frequency 
of AR landfalls in any one region.

5. Conclusions
This study established, for the first time, a comprehensive reconstruction of AR frequency and landfall loca-
tion along the US west coast that extends, at daily timescales, back to 1916 and, at annual timescales, back to 
1400 CE. The neural networks skillfully reproduced the daily occurrence of ARs for all coastal landfall regions 
and identified important (and sometimes record) peaks in AR frequency in the first half of the twentieth century 
that align with well-known extreme precipitation and flood events from that period. The spatial pattern of sali-
ency for precipitation gauges varied by landfall location, but generally reflected those gauges that receive a 
large fraction of their precipitation from AR events landfalling at specific locations. For all landfall regions, the 
saliency highlighted precipitation gauges near the landfall location but also some very far away. This highlights 
how complex spatial patterns of precipitation across the western US can help capture the dynamics of moisture 
delivery as ARs make landfall along the coastline.

The NN-based AR reconstructions helped validate annual reconstructions of AR landfalls derived from tree-ring 
based cold-season precipitation data. Similar to the daily analysis, correlations between observed annual AR 
counts and the tree-ring based SPI suggested that different spatial signatures in the SPI data could help recon-
struct AR landfalls in the Pacific Northwest and California. This was further supported by the Poisson regression 
coefficients assigned to different SPI PCs in AR reconstructions for each of the three regions. The annual AR 

Figure 12. (a–f) The shift in landfalling atmospheric river (AR) latitude derived from the regression models (red) along the US west coast plotted against six climate 
indices (Pacific Decadal Oscillation [PDO], Pacific North American [PNA], Atlantic Multidecadal Oscillation [AMO], El Niño–Southern Oscillation [NINO] and 
Quasi-Biennial Oscillation [QBO] at 70 and 50 hPa shown in blue). The number within parentheses indicate the Spearman rank correlation between the two time series. 
(g) The observed shift in landfalling AR latitude against the AR latitude fitted using a linear regression model with the six climate indices. The number within the 
parentheses indicates the R 2 and the normalized root mean square error between the predicted and observed AR latitudinal variability.

 21698996, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038321 by U
niversity O

f C
alifornia, L

os, W
iley O

nline L
ibrary on [01/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

BORKOTOKY ET AL.

10.1029/2022JD038321

18 of 21

reconstructions highlighted significant, low-frequency variability for all regions over the last 600 years. The most 
prominent signals included consistent periodicity in the 2–8 years band and a more intermittent 10–20 years 
signal. However, the most important result of the annual reconstruction was a previously undocumented, 
multi-decadal signature in the variability of AR landfall latitude along the entire western US coastline. Recent 
(i.e., post-1950) variations in landfall latitude from this reconstruction appear well within the range and pattern of 
natural variability predicted over the last 600 years, suggesting that any effects of climate change on AR latitude, 
if present, are not yet detectable.

Both the daily and annual reconstructions are novel datasets that can be used to understand AR variability and 
to assess the fidelity of AR detection algorithms applied to reanalysis products that extend prior to 1950 (see 
Brands et al., 2017). However, these reconstructions do have limitations that require discussion. First, daily AR 
occurrence is modeled using gauged precipitation that is influenced by other sources besides ARs. While the 
NNs combine the effects across multiple gauges to help isolate AR-related spatial patterns of moisture delivery, 
precipitation from non-AR sources certainly obscures the signal to a degree. Second, our reconstructions do not 
provide estimates of the strength of individual AR events, but rather only their frequency. Further work could 
explore whether alternative model structures could distinguish between weak and strong AR landfalls based on 
the spatial pattern and intensity of precipitation.

For the tree-ring based reconstructions, the southern and central regions were able to capture much of the vari-
ability in AR frequency, but skill is lower (albeit still notable) in the northern region. There are two reasons for 
this discrepancy in model performance. First and foremost, the skill of the SPI reconstruction is limited in most 
of Washington, Oregon, and Idaho (see Williams et al., 2021), which likely degrades the reconstruction of AR 
frequencies. This highlights that cold-season precipitation totals in the Pacific Northwest and northern IMW, 
which otherwise can be a good proxy for the frequency of AR landfalls, may not be well-suited for this purpose 
if first reconstructed using tree-ring chronologies. Additional work should focus on improving the reconstruction 
of cold-season precipitation in these regions, which will likely in turn help to resolve AR landfalls along the US 
Pacific Northwest coastline. This effort will have to contend with the larger warm season precipitation signal 
in the Pacific Northwest that can make reconstructions of cold-season precipitation challenging (St. George & 
Ault, 2014).

Second, ARs are not the only type of storm that can deliver precipitation, increase growing season soil moisture, 
and eventually be recorded as tree growth. This is particularly true in the Pacific Northwest, where extra-tropical 
cyclones unassociated with ARs generally deliver a greater proportion of cold season precipitation (Slinskey 
et al., 2020). More generally, the reconstructions of annual AR frequencies are based on proxies developed from 
moisture-sensitive tree-ring chronologies, which can at best only reflect changes in the likelihood of annual 
AR counts and cannot be used to identify individual events. In addition, the availability of tree-ring chronol-
ogies decreases substantively prior to 1550 CE, increasing the uncertainty in reconstructions prior to this date 
(Williams et  al.,  2021). Finally, as in most reconstructions, we have assumed stationarity in the relationship 
between AR landfalls and the SPI moisture proxies, which if incorrect could significantly reduce the credibility 
of our reconstructions.

Despite these limitations, the reconstructions of AR landfalls produced in this work are quite skillful and provide 
a state-of-the-art data set that can be used to better understand better past AR activity over the US west coast. 
This study builds on a growing literature trying to understand past shifts in the location of storm tracks (Wise 
& Dannenberg, 2014, 2017) and large-scale patterns of atmospheric flow (Gupta et al., 2022), so that emerg-
ing trends in atmospheric circulation can be put into historical context. Future work should explore the exten-
sion of the methods presented here to other regions of the world where ARs contribute substantially to total 
annual precipitation and networks of precipitation gauges and tree-ring chronologies are available to record such 
events, for example, central Chile and certain portions of the Iberian Peninsula (Eiras-Barca et al., 2018; Gallego 
et al., 2006; Morales et al., 2020; Natalini et al., 2016; Ramos et al., 2015; Viale et al., 2018).

Data Availability Statement
The data used in this analysis are publicly available, including daily station data gathered from the GHCN gaug-
ing network (Menne, Durre, Korzeniewski, et al., 2012), the NOAA Climgrid data set (Vose et al., 2014a), and the 
CRU 4.04 data set (Harris et al., 2020). The AR data set (SIO-R1) is derived from Gershunov et al. (2017). The 
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cold-season SPI reconstruction and the RWI chronologies used to produce the SPI reconstruction are available at 
Borkotoky (2023). The AR reconstruction data can be accessed at Borkotoky (2022).
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