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ABSTRACT: Accurate forecasts of weather conditions have the potential to mitigate the social and economic damages
they cause. To make informed decisions based on forecasts, it is important to determine the extent to which they could be
skillful. This study focuses on subseasonal forecasts out to a lead time of four weeks. We examine the differences between
the potential predictability, which is computed under the assumption of a “perfect model,” of integrated vapor transport
(IVT) and precipitation under extreme conditions in subseasonal forecasts across the northeast Pacific. Our results demon-
strate significant forecast skill of extreme IVT and precipitation events (exceeding the 90th percentile) into week 4 for spe-
cific areas, particularly when anomalously wet conditions are observed in the true model state. This forecast skill during
weeks 3 and 4 is closely associated with a zonal extension of the North Pacific jet. These findings of the source of skillful
subseasonal forecasts over the U.S. West Coast could have implications for water management in these regions susceptible
to drought and flooding extremes. Additionally, they may offer valuable insights for governments and industries on the
U.S. West Coast seeking to make informed decisions based on extended weather prediction.

SIGNIFICANCE STATEMENT: The purpose of this study is to understand the differences between the ability to
predict high amounts of the transport of water vapor and precipitation over the North Pacific 3 and 4 weeks into the fu-
ture. The results indicate that differences do exist in a region that is relevant to precipitation on the U.S. West Coast.
To physically explain why differences in predictability exist, the relationship between weekly extremes of the extension
of the jet stream, IVT, and precipitation over the North Pacific is explored. These findings may impact decisions rele-
vant to water management on the U.S. West Coast susceptible to drought and flooding extremes.

KEYWORDS: Atmospheric river; Forecast verification/skill; Hindcasts; Probability forecasts/models/distribution;
Seasonal forecasting

1. Introduction

Atmospheric Rivers (ARs) are filamentary corridors of wa-
ter vapor that frequently occur in the warm sector of extra-
tropical cyclones (Neiman et al. 2008). Extreme AR events
come with a large cost to society and can result in billions of
dollars in damages (Corringham et al. 2019). Integrated vapor
transport (IVT) is a key variable that characterizes atmo-
spheric rivers (Shields et al. 2018; Ralph et al. 2019), and it
has strong ties to U.S. West Coast precipitation (Waliser and
Guan 2017; Ricciotti and Cordeira 2022), particularly when
the IVT coincides with orographic lifting in regions of steep
topography. Therefore, understanding the predictability of
IVT and precipitation can help water resource managers make
critical decisions relevant to water supply, droughts, and flood-
ing (Das et al. 2013; Mann and Gleick 2015; Williams et al.
2015). AR and precipitation extremes on the U.S. West Coast
are projected to become more severe in the future in both du-
ration and precipitation rate (Dettinger 2011; Curry et al.
2019; Payne et al. 2020; Michaelis et al. 2022). The impacts of a

warming climate on AR extremes will cause the predictability
of atmospheric conditions relevant to ARs to be even more
critical in the future.

Chaos within the atmosphere causes the predictability of
weather at a single instant in time to range from a few days to
a few weeks depending on existing circulation patterns and
the types of phenomena that are being observed (Lorenz
1965). Weather phenomena on larger spatial scales have
higher predictability than phenomena on smaller scales (Jung
and Leutbecher 2008). Despite the limit of predictability at
singular moments, some processes can create signals in the
predictability of weekly averages of conditions that are stron-
ger than the noise of uncertainty caused by chaos. The subsea-
sonal to seasonal (S2S) range is often described to cover
forecasts from two weeks to several months into the future
(Pendergrass et al. 2020; Robertson et al. 2015; White et al.
2022). Skillful S2S forecasts are typically found to be within
“windows of forecast opportunity” that are associated with
persistent large-scale oscillation patterns and teleconnections
(Robertson et al. 2015; Vitart et al. 2017; White et al. 2017;
Mariotti et al. 2020). Barnston and Smith (1996) showed that
the El Niño–Southern Oscillation (ENSO) drives seasonal
predictability of temperature and precipitation across North
America, which results from strong anomalous sea surface
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temperatures in the eastern equatorial Pacific that influence
the large-scale atmospheric circulation. Palmer (2006) found
that predictability over the North Pacific in the extended
range is largely dependent on the sign and the amplitude of
the Pacific–North American Pattern (PNA), which is character-
ized by anomalous synoptic-eddy activity in the northeastern
Pacific that is frequently initiated by anomalous convection in
the tropics (Franzke et al. 2011). Baggett et al. (2017) demon-
strated that AR activity can be predicted into weeks 3–5 with
some skill depending on activity from the Madden-Julian oscil-
lation (MJO) and the Quasi-Biennial Oscillation. DeFlorio et al.
(2019a) showed that AR activity over the North Pacific can
change significantly depending on phases of ENSO, the PNA,
the MJO, and the Arctic Oscillation. IVT can sometimes pro-
vide insight into the prediction of extreme storms farther in ad-
vance than precipitation forecasts at medium-range lead times
(Lavers et al. 2016). However, there is little known about poten-
tial differences between the predictability of IVT and the pre-
dictability of precipitation at S2S lead times and their causes.
Investigating these differences will demonstrate the value of
predicting IVT-related events in future S2S studies.

Physical quantities that are used to describe the state of the
atmosphere often have differences in predictability. For in-
stance, temperature typically has higher predictability than
precipitation, in part because temperature changes often drive
processes that result in precipitation rather than the converse
(Koster and Suarez 1995; Luo and Wood 2006). Lavers et al.
(2016) demonstrated that IVT has potential predictive skill at
longer lead times than precipitation in medium-range fore-
casts, possibly resulting from the relatively high spatial vari-
ability of precipitation and the added possibility for errors to
arise from parameterizations that simulate the processes that
cause it to occur, such as convection. Errors that occur in simu-
lations of processes that ultimately result in changes to atmo-
spheric conditions contribute to the differences in forecast skill
observed between variables. There is still considerable uncer-
tainty concerning differences in predictability between the vari-
ables that describe our atmosphere. This study takes a similar
approach to Lavers et al. (2016) by utilizing potential predict-
ability. This approach considers the model world and the real
world to be identical, which has several benefits. It eliminates
model bias entirely, it creates a large sample size, and it is free
of spatiotemporal inhomogeneities that characterize an obser-
vational framework. While potential predictability is by no
means a perfect way to demonstrate real-world relationships, it
can still be useful (Kumar et al. 2014).

The frequency of ARs does have skill in S2S forecasts
(DeFlorio et al. 2019b) and is often associated with synoptic-
scale eddy activity that influences predictability across the
western United States. The extreme nature of IVT and pre-
cipitation during periods characterized by high and low AR
activity, and its subsequent societal impacts, leads us to assess
the predictability of the top 10% of extreme IVT and precipi-
tation conditions. Weather regimes with strong negative up-
per-level geopotential height anomalies just south of Alaska
are often associated with anomalously high AR activity over
the U.S. West Coast (Amini and Straus 2019). To physically
explain the predictability of extreme IVT and precipitation,

we examine the connection of the extreme forecast anomalies
to the state and evolution of jet stream regimes over the
North Pacific (NPJ) that were shown to have subseasonal pre-
dictive skill in Winters (2021). In particular, we examine the
extension of the NPJ into the northeastern Pacific, which is
largely characterized by strong and frequent extratropical cy-
clone activity in the region that often plays a critical role in
the formation of ARs (Dacre et al. 2015). Previous work
(Zhang et al. 2019) showed that 82% of ARs are associated
with extratropical cyclones, making the forecast skill of the NPJ
highly relevant to the forecast skill of ARs and IVT. Higgins
et al. (2000) found that 90th-percentile precipitation events in
the Pacific northwest are typically preceded by enhanced tropi-
cal convection in the western Pacific and suppressed tropical
convection over the Indian Ocean and central tropical Pacific.
They show that tropical heating causes convection that can ex-
cite wave trains that force anomalously high wind speed extend-
ing eastward in the lower midlatitudes of the North Pacific. NPJ
regimes can last from several days up to 5 weeks in extreme
cases (Winters et al. 2019). The zonal structure of the NPJ al-
lows for a degree of staticity that is not often matched in the
chaotic system of the atmosphere at subseasonal scales. During
the jet extension, the NPJ can reach the region in which subsea-
sonal skill of extreme IVT anomalies as described in the results
section exists.

Below, we show the results of our analysis. In section 2, we
describe the reforecasts used for the analysis. In section 3, we
discuss the approach toward evaluating subseasonal potential
predictability. In section 4, we show the results of our meth-
ods. In section 5, we offer a discussion of the results and con-
cluding remarks on our findings.

2. Data

In this study, we evaluate potential predictability using a
perfect model ensemble framework, wherein each model en-
semble acts as a pseudo-observation system. This “perfect
model” approach effectively eliminates any potential model
bias. Consequently, it enables the authors to assess potential
predictability, rather than assessing prediction skill within an
ideal modeling system, as demonstrated in prior research
(Stockdale et al. 2011).

Reforecasts of IVT and precipitation from the European
Centre for Medium-Range Weather Forecasts (ECMWF) In-
tegrated Forecasting System (IFS) were retrieved from the
S2S database that is hosted by ECMWF. The data used in this
study consist of 11 ensemble members initialized at 0000 UTC, a
horizontal grid resolution of 1.58 3 1.58, and lead times at 24-h
intervals out to 46 days. Output fields of IVT and geopotential
height were instantaneous, and fields of precipitation were
available for daily (0000–0000 UTC) accumulations. The data
span from 1996 to 2015 and use the 2016 IFS model version
(Cycle 41r2). Reforecasts within the same season are taken
every 3–4 days and initialized during December, January, and
February, which typically experience high AR activity on the
U.S. West Coast. There are a total of 500 initializations used
for reforecasts in this study. IVT and precipitation data from
the ECMWF ERA5 reanalysis (Hersbach et al. 2020) was used
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to verify relationships between coastal precipitation and IVT in
the perfect model space. ERA5 data with a 0.2583 0.258 horizon-
tal grid spacing were retrieved each day in December, January,
and February from 1996 to 2015.

ARs and precipitation that reach the coastline have the
largest impacts on human society. Moore et al. (2021) demon-
strated that the state of the NPJ can significantly impact heavy
precipitation events along the U.S. West Coast. Winters et al.
(2019) used an empirical orthogonal function (EOF) analysis
of boreal winter upper tropospheric wind velocity anomalies
within the NPJ exit region to define NPJ regimes that describe
the state and the evolution of the NPJ. NPJ phases are calcu-
lated using the same method as Winters et al. (2019) by projec-
ting instantaneous zonal wind anomalies onto the two leading
EOFs of upper-tropospheric zonal wind anomalies between
September to May. Other previous studies (Athanasiadis et al.
2010; Jaffe et al. 2011; Griffin and Martin 2017) also found the
zonal shift of the jet-exit region to be the leading mode of vari-
ability in EOF analyses of upper tropospheric winds over the
North Pacific. During jet extension cases, the jet exit region ex-
tends toward the U.S. West Coast, bringing large-scale cy-
clonic flow to the region. The predictability of anomalous IVT
within that same region could therefore have downstream im-
pacts at the coast in some cases. EOFs are calculated based on
300 hPa zonal wind anomalies that are defined relative to a
21-day climatological window centered on each analysis time
in the Climate Forecast System Reanalysis (CFSR) during
1979–2019. NPJ regimes are subsequently defined using the resul-
tant EOFs. The leading EOF corresponds to an extension and
retraction of the jet exit region, and the second leading EOF cor-
responds to a poleward and equatorward shift of the jet.

3. Methods

Both IVT and precipitation forecasts are averaged over
7-day intervals for rolling lead times up to 4 weeks. Data are
integrated over time to smooth out high-frequency noise. We
use the receiver operating characteristic (ROC) score metric
to determine potential predictability (Graham et al. 2010;
Kharin and Zwiers 2003; Philippon et al. 2010). The equation
used to calculate ROC scores is shown below:

A 5 1 2
1
ee′

∑
e

i51
fi 2

1
2ee′

∑
e

i51
( f ′i 2 fi): (1)

In the ROC score equation, e represents the number of
events, e′ represents the number of nonevents, fi represents
the number of nonevents that have a greater forecast proba-
bility than the current hit, and f ′i represents the number of
nonevents that have forecast probabilities that are greater
than or equal to that of the current hit.

Potential predictability of ROC scores is found by first allowing
one ensemble member to function as the “model-observation.”
This allows the model to be considered perfect. The perfect
model approach was chosen to create a large sample size of data
and to avoid model biases. Percentiles in this study are calculated
from raw distributions of weekly averaged model data that were
valid during December, January, and February of the 20-yr period

in which the forecasts were initialized. Both climatology and per-
centiles were calculated from model data and were dependent on
lead time. When spatial averaging is applied, the percentile
threshold is calculated based on spatial averages over the region
of interest. IVT and precipitation values that exceed the chosen
threshold (.90th percentile for forecasts of wet conditions) are
given a value of one and are considered a “hit” and values outside
of the threshold are given a value of zero and considered a
“miss.” Computations of ROC scores were made using the
ClimPred framework (Brady and Spring 2021). The 90th percen-
tile was chosen as a threshold not only because it is often associ-
ated with uncommon and impactful conditions, but also because
a percentile requirement at or near the 90th percentile is one of
the main defining characteristics of various AR detection algo-
rithms (Brands et al. 2017; Guan and Waliser 2015; Lavers et al.
2012; Mundhenk et al. 2016). The forecast is represented by the
percentage of ensemble members in the forecast that exceed the
chosen threshold. The ROC score between the 10-ensemble
member mean and the “truth” ensemble member is subsequently
calculated, and the process is repeated until each of the 11 ensem-
ble members function as the model-observation. All 11 ROC
scores are then averaged to attain a single average ROC score
corresponding to a selected forecast. Climatological forecasts re-
sult in ROC scores around 0.5, which leads us to categorize
groups of skillful forecasts as those forecasts that feature ROC
scores sufficiently greater than 0.5. A Mann–Whitney U test is
used to assess the significance of ROC scores to determine
whether groups of forecasts were skillful overall relative to clima-
tology (Mason and Graham 2002). Significance of ROC scores
was assessed at the 95% confidence level.

Coastal precipitation exceeding the 90th percentile was
found by first averaging precipitation rate values within the
domain bounded by 32.58–498N and 1168–126.58W, over inter-
vals of 7 days. The top 10% wettest weeks are then isolated
for further analysis. Precipitation in this region will be re-
ferred to as coastal precipitation for the remainder of the
study. The IVT anomalies shown during such conditions are
found by calculating the mean IVT anomalies over intervals
of 7 days. The same process was used to calculate precipita-
tion anomalies, with .90th-percentile IVT being assessed
over 31.58–408N, 139.58–152.58W. This region will be referred
to as the jet exit region for the remainder of the study, as it
lies firmly within the area of enhanced flow during jet exten-
sion regimes (Winters et al. 2019). The relationship between
anomalous weekly coastal precipitation and IVT in the jet
exit region is then explored. Understanding this connection
serves to verify the relationship between IVT and precipita-
tion in the perfect model space, and to understand the impor-
tance of forecasting IVT in the jet exit region. Error bars of
differences between ROC scores of forecast IVT and precipi-
tation in the jet exit region were created using a bootstrapping
method. Bootstrapping was applied by taking random sam-
ples of all pairs of model-observations and forecasts at all
points within the jet exit region. 5000 bootstraps were used
and each bootstrap consisted of 1000 samples.

Zonal wind anomalies that were projected onto EOF pat-
terns that define aforementioned NPJ regimes from Winters
et al. (2019) are calculated relative to the mean of the jet in
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ECMWF forecast data. To verify the correspondence be-
tween NPJ regimes identified using ECMWF forecast data
and reanalysis data, the ensemble mean of PC values at ini-
tialization were compared with those derived from both
CFSR and ERA-Interim. The correlations of both PC1 and
PC2 values are at least 0.99 between all datasets and the
greatest mean difference of PC values between any two data-
sets is 0.07. The % variances ranged from 9.9% to 10.7% for
PC1 and from 7.2% to 7.6% for PC2 across all datasets and
lead times. There was high consistency overall between the
representation of the NPJ regimes in the model and in reanal-
ysis data.

Rossby wave source (RWS) is the rate of change of vorticity
due to vortex stretching and vorticity advection from the diver-
gent component of 300 hPa wind velocity Sardeshmukh and

Hoskins (1988). It is often influenced by tropical heating and
causes downstreamwave trains in themidlatitudesAmbrizzi et al.
(1995). The equation used to calculate RWS is shown below:

RWS 52(z= ? yx 1 yx ? =z): (2)

In the RWS equation, z is absolute vorticity and yx is the di-
vergent component of wind velocity. The inverse Laplacian of
the RWS represents the streamfunction, which describes the
overall motion of the flow.

4. Results

Figures 1a and 1b show IVT anomalies during.90th-percentile
coastal precipitation. In both the reanalysis space and the perfect

FIG. 1. Composites of IVT anomalies during weeks of .90th-percentile coastal precipitation in (a) ERA5 data and (b) ECMWF
model-observed (MO) reforecast data averaged over lead times of 1–7 days. The area that defines locations of coastal precipitation
is shown in the red-outlined box. Also shown are composites of existing precipitation anomalies during weeks of .90th-percentile jet
exit IVT in (c) ERA5 data and (d) ECMWF MO reforecast data. The area that defines locations of jet exit IVT is shown in the red-
outlined box.
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model space, large IVT anomalies exist to the west of the coast,
demonstrating the relevance of strong IVT anomalies in the region
to downstream precipitation impacts on the coast. The similarities
between patterns in ERA5 data and the perfect model space also
illustrate that the potential predictability approach represents rela-
tionships between precipitation and IVT that are similar to those
in a reanalysis, which is constrained by observations.

Precipitation patterns were also explored during weeks of
.90th-percentile IVT anomalies in the jet exit region in Figs. 1c
and 1d. When .90th-percentile IVT anomalies exist in the jet
exit region, downstream positive precipitation anomalies exist on
the U.S. West Coast, particularly north of southern California.
Differences between the precipitation anomalies in the model
space relative to ERA5 are more evident than differences be-
tween IVT anomalies in Figs. 1a and 1b. These differences can
at least partially be explained by the difference in grid spacing.
Precipitation has more spatial variability than IVT does (Figs. 1a,c),
making differences in horizontal grid spacing more evi-
dent. Differences could not be explained by the additional
smoothing added from ensemble members in model-observations,
as the result remains similar when a single ensemble member
is used instead of the ensemble mean (not shown). Weeks
with strong IVT anomalies in the jet exit region are strongly
associated with increased downstream precipitation at the
coast and the model space can reasonably represent real-world
conditions.

Not all conditions can be predicted with equal levels of
skill. Estimating potential predictability typically yields lower
ROC scores for target conditions of neutral states than they
are for above normal and below normal states (Kharin and
Zwiers 2003). When the target threshold was set to be within
5% of median IVT and precipitation, neither quantity held
any forecast skill at week 3 (not shown). There was no skill in
predicting mean conditions anywhere within the evaluation
domain at week 3 or week 4. The absence of a strongly anom-
alous pattern prevents any valuable forecast information from
carrying into the subseasonal range. For this reason, there is a
limit to what types of conditions can be predicted and in what
locations they can be predicted in the subseasonal range.

Predicting both .90th-percentile IVT and precipitation in
some regions within the northeast Pacific was skillful out to
week 4 using ROC scores (Fig. 2). ROC scores were the high-
est and remained skillful for the longest duration off the west
coast of the United States and Canada. There is large overlap
between areas in which IVT and precipitation have forecast
skill overall. Differences in ROC scores were minimal on the
U.S. West Coast where both forecasts had skill (Fig. 2e). IVT
had higher ROC scores than precipitation in both week 3 and
week 4 in most areas, with the exception of a region south of
Alaska. The area of persistent skill in the southern part of the
domain is within a region that experiences frequent impactful
AR genesis activity (Prince et al. 2021). This large area of
IVT and precipitation forecast skill intersects with the jet exit
region (shown in the red box of Fig. 2) and can be heavily in-
fluenced by NPJ regimes. Figure 1 demonstrated that strong
anomalous IVT near the jet exit region has impacts on down-
stream precipitation at the coast in both the perfect model
space and the real-world.

Figure 3 shows the differences between the predictability of
IVT and precipitation in the jet exit region. The mean ROC
scores across all points in the jet exit region were higher for
predicting .90th-percentile IVT than they were for .90th-
percentile precipitation. While a clear majority of samples of
IVT forecasts were more skillful than precipitation forecasts
at week 3 and week 4, the error bars did extend past the point
of IVT having greater skill. This indicates that subseasonal
IVT forecasts are not more skillful than subseasonal precipi-
tation forecasts in the jet exit region in all cases. However, the
difference in mean ROC scores was significant at the 95%
level when a Student’s t test was applied to the synthetic data.
The ROC score of IVT was higher than the ROC score of
precipitation in 89% of cases, which provides statistical evi-
dence that the IVT does have more skill at these lead times.

ROC scores in the jet exit region were calculated at all lead
times up to 4 weeks in Fig. 4. The impact of the sharp spatial
gradients associated with precipitation on predictability was
investigated by applying spatial averaging. Spatial averaging
was applied by taking the spatial mean of both quantities over
the jet exit region before calculating ROC scores (Fig. 4b)
rather than by calculating ROC scores at each point in the re-
gion first before taking the mean (Fig. 4a). The result of spa-
tial averaging leading to higher predictability is consistent
with results presented in Luo and Wood (2006). When spatial
averaging was not applied, IVT had more forecast skill than
precipitation at every lead time and the difference was always
significant at the 95% confidence level (Fig. 4a). After spatial
averaging was applied, mean IVT ROC scores were still
higher than mean precipitation ROC scores, but the gap
closed considerably. Differences in ROC scores remained sig-
nificant at most lead times, particularly in the subseasonal
range. The remaining differences after spatial averaging indi-
cate that sharp spatial gradients of precipitation cannot fully
explain differences in predictability in the subseasonal range.

A principal component analysis (Winters et al. 2019) is used
to track the state and evolution of the NPJ during forecasts of
wet weeks when wet conditions exist in model-observations at
week 4 (Fig. 5). A jet extension signal exists when both.90th-
percentile IVT and precipitation exist in model-observations.
The jet extension was stronger during .90th-percentile IVT
than it was during .90th-percentile precipitation. The signal
from the NPJ was also evaluated when individual forecasts of
wet weeks were skillful in comparison with being unskillful.
Skillful forecasts are those in which at least 2 of the 10 ensem-
ble members predict the .90th-percentile threshold of IVT or
precipitation to be a “hit” when a “hit” is model-observed.
Since .90th-percentile conditions occur during 10% of weeks,
a climatological forecast would predict it to occur in 1 of 10 en-
semble members and is considered to be unskillful. When wet
weeks of both IVT and precipitation were model-observed,
there was a stronger jet extension model-observed during skill-
ful forecasts than during unskillful forecasts. The result was
significant at the 95% level using a Student’s t test for both
IVT and precipitation at both week 3 and week 4. Precipita-
tion forecasts that were not skillful had little to no relationship
with the NPJ, indicating that the presence of a jet extension re-
gime may contribute to skillful forecasts of .90th-percentile
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jet exit precipitation in the subseasonal range (Figs. 5a,c). Sub-
seasonal forecasts that were skillful had stronger responses
from the NPJ than those that were not skillful overall.

In addition to understanding model-observed conditions of
the NPJ during skillful and unskillful forecasts of wet weeks,
conditions of IVT and precipitation were also model-observed
during skillful and unskillful forecasts of the NPJ (Fig. 6).
Skillful individual forecasts are once again forecasts in which
at least two ensemble members predict .90th-percentile con-
ditions when .90th-percentile conditions are model-observed.
This approach demonstrates the impact of the predictability of
the jet on anomalies of IVT and precipitation. Rather than
considering .90th-percentile IVT or precipitation as a “hit,”

.90th-percentile PC1 values of the NPJ are used instead to
understand model-observed conditions during strong jet ex-
tensions. The result of applying this process is shown in Fig. 6.
During model-observed .90th-percentile jet extensions, posi-
tive IVT anomalies extended eastward toward the coast.
Model-observed IVT anomalies were stronger slightly east of
the jet exit region during skillful forecasts of the NPJ (Figs. 6e,f)
and a significant model-observed positive precipitation anomaly
existed on the coast of northern California (Figs. 6a,b). A
significant negative precipitation anomaly existed in the
Pacific Northwest during unskillful jet extension forecasts
at week 4 (Fig. 6d). This result demonstrates that forecasts
of strong jet extensions in the S2S range can provide

FIG. 2. ROC scores (shaded) of .90th-percentile (a),(b) IVT and (c),(d) precipitation at (left) week 3 and (right)
week 4. A Mann–Whitney U-test was used to demonstrate locations in which the ROC scores were high enough to be
considered skillful (hatched areas). Differences in ROC scores are shown at (e) week-3 and (f) week-4 lead times.
Stippling shows significance of differences in ROC scores using a two-sided Student’s t test. Unshaded contours repre-
sent model-observed climatology of 300-hPa wind speed (m s21) with increments of 5 m s21 during .90th-percentile
jet extension regimes. The red-outlined box represents the jet exit region.
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information relevant to downstream impacts on the coast.
Recall that Fig. 5 showed that high forecast skill of.90th-percentile
IVT in the jet exit region was also tied to strong jet extension
regimes. Therefore, a strong downstream signal of positive

precipitation anomalies during high-skill forecasts of strong
jet extension regimes suggests that such anomalies may
be dynamically linked to exceptionally strong jet extension
regimes.

FIG. 3. Mean ROC scores of IVT and precipitation in the jet exit region are also shown at lead times of (a) 3 and
(b) 4 weeks. Five thousand bootstraps were used to generate error bars for differences in ROC scores in the jet exit
region at lead times of (c) 3 and (d) 4 weeks. Each bootstrap used 1000 samples. Differences are calculated by sub-
tracting precipitation ROC scores from IVT ROC scores.

FIG. 4. Mean ROC scores of precipitation and IVT in the jet exit region at all lead times up to 4 weeks. Spatial aver-
aging (a) was not applied and (b) was applied. A Student’s t test was used to assess statistical significance at the 95%
level at all lead times. The shaded area represents one standard deviation above and below the mean.
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Composites of forecasts of geopotential height at both 850
and 300 hPa were calculated during cases of model-observed
.90th-percentile IVT at week 4 in the jet exit region (Fig. 7).
The result illustrates anomalous activity in the forecast when
high amounts of IVT are model-observed. Negative geopo-
tential height anomalies at both levels were forecast from
week 1 and strengthened out to week 4. The center of the
anomalies appeared slightly south of Alaska and shifted to-
ward the southwest afterward. The location of the forecast
anomalies at both levels remained somewhat consistent with
each other, with the upper-level anomalies lying slightly west
of their lower-level counterparts, indicative of an environ-
ment favoring surface cyclogenesis. The resulting surface cy-
clones produce strong westerly geostrophic winds near the jet
exit region, which directly impacts IVT. The forecasts of

geopotential height during strong model-observed jet exit
IVT show a clear signal of anomalous flow toward the jet exit
region in the subseasonal range.

In Fig. 8, standardized ensemble spread of 300-hPa geopo-
tential height with respect to climatology is shown during
skillful forecasts of IVT in the jet exit region. When unskillful
forecasts were used, the pattern resembled the climatological
spread (not shown). When IVT is skillfully forecast in the jet
exit region, anomalously high ensemble spread exists near the
eastern edge of the negative geopotential height anomaly
over the North Pacific. This area has frequent overlap with lo-
cations in which ROC scores over the North Pacific were the
lowest for both precipitation and IVT (Fig. 2). The anoma-
lously high spread has a weaker presence near the jet exit re-
gion. Anomalously low spread occurs upstream of the forecast

FIG. 5. Composites of principal component analysis values of the model-observed NPJ during model-observed
(a) .90th-percentile precipitation at week 3, (b) .90th-percentile IVT at week 3, (c) .90th-percentile precipitation
at week 4, and (d).90th-percentile IVT at week 4 during skillful (green) and unskillful (red) forecasts. Lighter colors
represent earlier lead times and become darker through the progression of the forecasts. Forecasts of wet weeks
within all individual points from 31.58 to 408N and from 139.58 to 152.58W were used. Each data point represents a
mean of lead times spanning 7 days starting at days 1–7. The N (Skillful)and N (Unskillful) values represent the num-
ber of unique initialization times in which model-observed .90th-percentile conditions existed during skillful and un-
skillful forecasts, respectively.
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negative geopotential height anomaly and in the tropical west-
ern Pacific. The region upstream of negative geopotential
height anomalies has been shown to experience persistent ex-
tratropical cyclone development. Forecast RWS anomalies
(Figs. 8c,d) are also shown during skillful forecasts at lead
times of 3 weeks and 4 weeks. The RWS was anomalously
high over much of east Asia and anomalously low over much
of the northeast Pacific. Similarly, taking the inverse Laplacian
of the RWS indicated that much of the wave activity down-
stream occurred within or close to the jet exit region. Patterns

of ensemble spread, forecast geopotential height anomalies,
forecast anomalous RWS, and the inverse Laplacian of fore-
cast RWS remained consistent between lead times of 3 weeks
and 4 weeks.

5. Conclusions

This study explored the potential predictability of S2S fore-
casts of IVT and precipitation. The results show that predict-
ing strong positive IVT and precipitation anomalies can be

FIG. 6. Composite maps of model-observed anomalies of precipitation (shaded) and IVT (contours) during (a) skill-
ful forecasts and (c) unskillful forecasts of .90th-percentile PC1 values of the jet extension regime at week 3. Com-
posite maps of model-observed anomalies (calculated from data within the model) of precipitation and IVT are also
shown during (b) skillful and (d) unskillful forecasts at week 4. Stippling indicates areas in which anomalies of precipi-
tation are significant at the 95% confidence level using a Student’s t test. Composite maps of the differences between
conditions during skillful and unskillful forecasts are also shown at lead times of (e) 3 and (f) 4 weeks. Stippling indi-
cates areas in which differences of precipitation are significant at the 95% confidence level using a Student’s t test.
Sample size in (a)–(d) represents the number of unique initialization times in which model-observed .90th PC1 con-
ditions existed.
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skillful in some areas across the Northeast Pacific out to week 4.
Predicting high IVT, which is the primary characteristic used
to define and describe atmospheric rivers, was generally
more skillful over a larger area relative to predictions of high
precipitation. A possible explanation for this could relate to
the connection between IVT and the NPJ. Throughout me-
dium-range lead times, the difference in forecast skill between
IVT and precipitation forecasts shown in previous work (Lavers
et al. 2014) appears to be partially caused by the influence of
subsynoptic or mesoscale features on the predictability of pre-
cipitation, whereas the predictability of IVT is more closely re-
lated to synoptic-scale features. During skillful 4-week forecasts
of .90th-percentile IVT and precipitation shown in this work,
local variability became less relevant to the gap in forecast skill
at subseasonal lead times and the gap in forecast skill between
IVT and precipitation appears to be more closely related to a
specific synoptic scale teleconnection associated with the NPJ. It
must be noted that while ROC scores of IVT are higher on av-
erage in the jet exit region and that the difference in means rela-
tive to precipitation forecasts is significant, there can still be
individual cases in which the precipitation forecasts have higher
ROC scores. This result could be explained by the chaos of our
climate system, which allows some cases to deviate from the re-
lationship described above.

Figure 5 demonstrated that jet extension regimes are more
strongly correlated with strong IVT anomalies than they are
to high precipitation anomalies. Forecasts that were skillful
were also associated with a stronger zonal extension of the jet.
While the jet extension regime was stronger when forecasts of
IVT were skillful, it must be noted that it was still present
when forecasts of IVT were not skillful. The predictability of

jet extension regimes into week 4 across a number of S2S mod-
els shown by Winters (2021) could explain the predictability of
anomalously high IVT that is often associated with those re-
gimes. Persistence of such IVT conditions can often be associ-
ated with “AR families” that occur during jet extension-like
patterns (Fish et al. 2019). The existence of such a skillful tele-
connection that can strongly influence the predictability of
IVT could explain much of the gap between the predictability
of IVT and the predictability of precipitation in the subseaso-
nal range. Differences in errors resulting from parameterized
processes also lead to precipitation errors and uncertainty in
horizontal mass convergence (Lavers et al. 2014).

Significant precipitation anomalies were also found on the
west coast of North America when jet extensions were model-
observed to be strong (exceeding the 90th percentile). There
is a significant positive precipitation anomaly in northern
California during skillful forecasts of jet extensions and a neg-
ative precipitation anomaly during unskillful forecasts of jet
extensions. During skillful jet extension forecasts, a negative
precipitation anomaly exists over the coast of British Colum-
bia. When the forecasts had skill, IVT was stronger in the jet
exit region while it was weaker east and west of this region at
a week-4 lead time. This pattern suggests an accelerated
breakdown of synoptic eddies in the region when forecasts
did not have skill. When synoptic eddies dissipate before
reaching the jet exit region, the NPJ is limited from extending
farther east toward the coast and both IVT and precipitation
across the eastern Pacific are limited from having forecast skill
beyond that point.

Skillful jet extension forecasts often occurred when the jet
extension regime was stronger and existed to some degree

FIG. 7. Mean composites of forecast anomalies of geopotential height at 850 (shaded) and 300 (contours) hPa condi-
tioned on .90th-percentile model-observed IVT occurring at a week-4 lead time. The same set of forecasts are used
for each panel, with each composite differing by lead time; for example, the top-left panel is a composite of the fore-
casts 3 weeks prior to the bottom-right panel.
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throughout the 4-week duration, which allows the signal to
stand out from the noise in the S2S range. Strong jet exten-
sions allow anomalously high IVT to move closer to the coast,
which can force anomalously high amounts of orographically
forced precipitation in California. Anomalously low precipita-
tion along the Pacific Northwest Coast during model-observed
jet extensions does not occur in regions of anomalously low
IVT. This could suggest that the anomalously low precipitation
associated with model-observed jet extensions is caused by
ridging patterns adjacent to the synoptic eddies that allow
the jet to consistently extend, which facilitates low-level di-
vergence and suppresses convective and stratiform precipi-
tation across the region. Such adjacent ridging patterns are
shown during both jet extension regimes (Winters et al.
2019) and the positive phase of the PNA, which is also asso-
ciated with a strong negative geopotential height anomaly
over the central North Pacific (Wallace and Gutzler 1981).
When the jet extends farther east, anticyclones are pushed
farther north away from California. Based on this result, we
conclude that the model-observed conditions of precipita-
tion and IVT during strong jet extensions can dramatically
vary on and near the coast depending on the existence of

conditions that enable the NPJ to be accurately forecast in
the subseasonal range.

The NPJ is a source of predictability in subseasonal fore-
casts in the North Pacific that directly impacts IVT at the syn-
optic scale. Since jet extension regimes can be forecast
skillfully in the subseasonal range, forecasts of wind speed in
the jet exit region must hold at least some predictability. As
wind is one of two components of IVT and does not have as
much of a direct link to precipitation, the predictability of the
NPJ favors the predictability of IVT more than it favors the
predictability of precipitation. While wind patterns can lead
to large-scale convergence and updrafts that can be a catalyst
for precipitation, the extension of the NPJ does not have so
much of a direct relationship with precipitation. For a model
to generate precipitation, some of the precipitation processes
will be parameterized, which could be a source of error. While
.90th-percentile IVT cannot be skillfully forecast on the
coast at week 4, there can still be value in predicting it to the
west of the coast. The region in which IVT can be skillfully
predicted intersects with the jet exit region, which is fre-
quently an area for ARs to form, develop, and subsequently
propagate toward the west coast of North America.

FIG. 8. Conditions during skillful forecasts of IVT in the jet exit region. Standardized ensemble spread (shaded) of
geopotential height at 300 hPa during skillful forecasts at lead times of (a) 3 and (b) 4 weeks is shown. Forecasts of
300-hPa geopotential height anomalies during skillful forecasts are shown with line contours separated by 30 m. Also
shown are composites of anomalous Rossby wave source (shaded) at lead times of (c) 3 and (d) 4 weeks during skillful
forecasts. The inverse Laplacian of the Rossby wave source composites is shown by line contours with increments of
0.2 m2 s22. Dashed contours represent negative values, and solid contours represent positive values.
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Since NPJ regimes can be skillfully predicted 4 weeks into
the future and were closely aligned with strong IVT anoma-
lies, processes such as anomalous tropical convection, cold
surges, and persistent regimes that can lead to skillful prediction
of position and strength of the NPJ likely function as potential
sources of subseasonal forecast skill. Areas of persistent cyclo-
genesis in the North Pacific were shown to have anomalously
low ensemble spread at week 4 when IVT was forecast well in
the jet exit region. Additionally, there was low ensemble spread
south of the anomalously high RWS activity, suggesting that
conditions in the tropics are potentially a driver of subseasonal
forecast skill, which has been noted in previous studies (Hoskins
and Karoly 1981; Trenberth et al. 1998). Slightly downstream of
the center of the negative upper-level geopotential height
anomaly in the North Pacific, frequent wave activity, which is
shown by the inverse Laplacian of the RWS, coincides with
slightly anomalously high ensemble spread. Despite the high en-
semble spread, .90th-percentile IVT conditions were still able
to be predicted skillfully. The upstream anomalously high RWS
that occurred near areas with low ensemble spread increased
the chance in the forecast of downstream extreme conditions
occurring when .90th-percentile conditions were observed. Ul-
timately, the predictability of high levels of IVT can serve as a
useful resource to bridge the gap between skillfully predicted
low frequency teleconnections in subseasonal forecasts and
downstream impacts on precipitation that influence life on land.

There are some limitations to the results in this work that
can provide possible opportunities for future studies. All fore-
casts were initialized in December, January, and February.
The climatology of the NPJ varies from month to month,
which could impact interactions between the predictability of
IVT, precipitation, and the jet. In addition, there are limita-
tions to assessing potential predictability. While assessing po-
tential predictability still helps answer key questions about
the possibilities of subseasonal forecasting, it does not allow
us to assess prediction skill within existing weather forecasting
systems. Allowing the model to be perfect eliminates model
biases and errors that exist in reality. Comparing model data
with reanalysis would address this limitation.
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