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Abstract In this study, an atmospheric river (AR) detection algorithm is developed to investigate the
downstream modulation of the eastern North Pacific ARs by another weather extreme, known as the
East Asian cold surge (EACS), in both reanalysis data and high-resolution global model simulations. It is shown
that following the peak of an EACS, atmospheric disturbances of intermediate frequency (IF; 10–30day period)
are excited downstream. This leads to the formation of a persistent cyclonic circulation anomaly over the
eastern North Pacific that dramatically enhances the AR occurrence probability and the surface precipitation
over the western U.S. between 30°N and 50°N. A diagnosis of the local geopotential height tendency further
confirms the essential role of IF disturbances in establishing the observed persistent anomaly. This downstream
modulation effect is then examined in the two simulations of the National Center for Atmospheric Research
Community Climate System Model version 4 with different horizontal resolutions (T85 and T341) for the same
period (1979–2005). The connection between EACS and AR is much better captured by the T341 version of the
model, mainly due to a better representation of the scale interaction and the characteristics of IF atmospheric
disturbances in the higher-resolution model. The findings here suggest that faithful representations of scale
interaction in a global model are critical for modeling and predicting the occurrences of hydrological extremes
in the western U.S. and for understanding their potential future changes.

1. Introduction

A growing interest in weather-related extreme events such as floods, droughts, storms, and cold air outbreaks
are motivated by their strong societal and economic impacts. For example, western North America frequently
experiences extreme precipitation events during the winter months, resulting in billions of dollars of
damages as well as loss of life (see http://www.water.ca.gov/sfmp/). It has been reported that majority of
extreme precipitation events along the West Coast are associated with the so-called atmospheric rivers (ARs)
[Dettinger et al., 2011; Neiman et al., 2011; Warner et al., 2012].

ARs are long, narrow bands of water vapor transport in the atmosphere. These filamentary bands occupy less
than 10% of the Earth’s circumference at midlatitudes at any given time but are responsible for more than
90% of the water vapor transport from the tropics to the extratropics [Zhu and Newell, 1998]. Due to the
intense water vapor transport associated with it, an AR can produce significant amounts of precipitation
within a short period of time once it makes landfall at the U.S. West Coast and often triggers major flooding
and landslide events [Guan et al., 2010; Ralph and Dettinger, 2011, 2012]. Beneficially, ARs and their associated
precipitation also provide essential water supply for reservoirs of various forms on a seasonal basis and thus
help maintain the water balance in western North America [Dettinger et al., 2011].

Over the past decade, field experiments and other studies have documented atmospheric processes ranging
from the planetary scale to the mesoscale that contribute to the AR development and landfall. Most of these
studies have focused on processes over the eastern North Pacific and western North America. For example,
by analyzing airborne and satellite observations in a single winter, Ralph et al. [2004] reported that the
characteristic dimensions of ARs are thousands of kilometers long, 400 km wide, and that the integrated
water vapor (IWV) in AR regions are generally greater than 20mm, and AR formations tend to be associated
with a prefrontal low-level jet. In other studies of AR development, it is found that AR events often occur
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within the warm sector of an extratropical cyclone [Neiman et al., 2008b; Ralph et al., 2004, 2005, 2006],
but they can also develop in the absence of extratropical cyclones [Bao et al., 2006]. Neiman et al. [2008a]
showed that when an AR makes landfall in winter over the U.S. West Coast, it is often accompanied by a
trough-like structure sitting over the Intermountain West in the 500 hPa height field. In another case study of
a Pacific AR that occurred on March 2005, Ralph et al. [2010] demonstrated that several planetary scale
phenomena including the Madden–Julian Oscillation (MJO), extratropical wave packets, and Kelvin waves
had all potentially influenced the development of this particular AR event.

Based upon high-resolution reanalysis data, Jiang and Deng [2011] constructed the first map of the AR
occurrence probability over the North Pacific and showed that ARs and the associated precipitation extremes
can be modulated by intermediate frequency (IF) disturbances forming over the eastern North Pacific
following a strong East Asian cold surge (EACS). The “cold surge” itself is an important feature of the East
Asian winter monsoon that is characterized by prevailing surface northwesterlies. EACS is thus an expression
of the large-magnitude, subseasonal fluctuation in the strength of the East Asian winter monsoon.
Characterized by strong northwesterly winds originating from the direction of Lake Baikal, EACS sweeps across
East Asia and causes a rapid rise of surface pressure and an abrupt drop of surface temperature [Wang, 2005].
Once the cold and dry airmass associated with an EACS reaches the east coast of Asia, it encounters the warm
and moist airmass over the East China Sea and Sea of Japan and excite strong atmospheric disturbances in this
region [Kung and Chan, 1981]. Lau and Lau [1984] showed for the first time that the high-frequency (HF) and
low-frequency (LF) components of the EACS-excited disturbances are distinctly different with respect to their
three-dimensional structure and energetics. The HF disturbances often appear in the form of extratropical
cyclones and migrate along the northwestern boundary of the North Pacific from East Asia to Gulf of Alaska,
while the LF disturbances tend to propagate equatorward. Lau and Li [1984] further demonstrated that the
disturbances brought about by an EACS may produce profound influences on the downstream atmospheric
circulation regimes through interactions with other tropical and midlatitude weather systems.

The goal of this study is to understand to what extent a state-of-the-science general circulation model (GCM)
is able to represent the connection between EACS events and the eastern North Pacific AR occurrence
probability as identified by Jiang and Deng [2011]. The plume-like structure of AR suggests that the spatial
resolution of a model might be a critical factor in simulating this connection, since a minimum horizontal
resolution is often required to capture the high spatial gradients in the column-integrated water vapor
field that characterizes an AR. There is evidence that increasing the horizontal resolution of a global
atmospheric model provides improved simulations of small-scale features such as precipitation [Li et al., 2011;
Wehner et al., 2010a, 2010b] and tropical cyclones [Wehner et al., 2010a, 2010b]. In addition, smaller-scale
features that are better resolved with higher model resolutions could also lead to an improved representation
of scale interaction in the model thus better simulated larger-scale features. For example, Jiang et al. [2013]
proved that the interaction between HF and IF eddies contributes significantly to the kinetic energy generation
of IF disturbances over the North Pacific. Since IF disturbances are important in bridging EACS and AR activity
[Jiang and Deng, 2011], resolution is likely to play a major role in the model’s capability of simulating the
connection between EACS and the eastern North Pacific AR activity as well as the precipitation extremes in the
U.S. West Coast. Here we examine the EACS-AR connection in high-resolution reanalysis products and in GCM
simulations of two different resolutions to illustrate the advantage of high-resolution models in simulating this
connection, to delineate the factors leading to such advantages, and to motivate more detailed investigations
of this downstreammodulation under future climate scenarios. Following this introduction, section 2 describes
the data sets, model, and diagnosis methods used in the analysis including a revised AR detection algorithm.
Section 3.1 presents the responses of the eastern North Pacific AR activity and the western U.S. extreme coastal
precipitation to the strong EACS events in both observation and model simulations. Section 3.2 discusses the
large-scale circulation anomalies responsible for the observed AR and precipitation anomalies. Sections 3.3 and
3.4 highlight the importance of IF disturbances in establishing the EACS-AR connection through a local
geopotential height tendency analysis. Section 4 summarizes the main findings of the study.

2. Data and Methods

This study uses the NASA Modern Era Retrospective-Analysis for Research and Applications (MERRA) as the
primary “observation” reference. Compared with previous generations of reanalyses, MERRA has significant
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improvement in the representation of the atmospheric branch of the hydrological cycle, partly due to its high
horizontal resolution [Rienecker et al., 2011]. Surface air temperature (SAT), integrated water vapor (IWV),
geopotential height, specific humidity, and horizontal winds for the period 1979–2005 are retrieved from
MERRA with a native spatial resolution of 0.5° latitude × 0.67° longitude and 72 hybrid levels [Rienecker et al.,
2011]. Model simulations are conducted with the National Center for Atmospheric Research Community
Climate System Model version 4 (CCSM4) [Gent et al., 2011]. The CCSM4 as configured for this study is
composed of an active global spectral atmosphere model (Community Atmosphere Model version 4 (CAM4))
for two different horizontal resolutions T85 and T341, which correspond to approximately 1.4° and 0.3° grid
spacing, respectively. The Community Land Model version 4 is the active land model coupled to CAM4 and is
configured with a grid of 0.9° latitude×1.25° longitude. The sea ice model uses climatological sea ice coverage,
and the ocean model is represented with climatological, monthly averaged sea surface temperatures [Rayner
et al., 2006]; the climate is strongly constrained by the ocean data, which is also another way to isolate the
impact of resolving the smaller scales in T341 as compared to the ocean behavior differences of the twomodels.
More details of the model configuration can be found in the work of Evans et al. [2013] and Evans et al.
(A spectral transform dynamical core option within Community Atmosphere Model version 4, submitted to
Journal of Advances in Modeling Earth Systems, 2014). Both the T85 and T341 model configurations were
initialized with land data sets that spun up from a previous CCSM4 production run using the finite-volume
dynamical core of comparable resolution.

Several methods for automatic AR detection exist differing by the types of AR characteristics, atmospheric
variables, and/or coordinate frameworks adopted in the algorithm, e.g., Lagrangian framework [e.g., Bao
et al., 2006; Dirmeyer and Brubaker, 2007; Gimeno et al., 2010; Knippertz and Wernli, 2010; Stohl and James,
2005] versus Eulerian framework [e.g., Guan et al., 2012; Lavers et al., 2011; Neiman et al., 2008a], IWV-based
algorithm [e.g., Neiman et al., 2008a] versus moisture flux-based algorithm [e.g., Zhu and Newell, 1998],
and extreme event-oriented identification [Byna et al., 2011] versus spatial structure-oriented identification
[Jiang and Deng, 2011; Lavers et al., 2011, 2012;Wick et al., 2013]. The algorithm used in the present analysis is
an improved version of the one introduced by Jiang and Deng [2011]. It is based on IWV and consists of the
following steps:

1. The IWV value at any grid point (Qr) is retained only if it satisfies

Qr ≥ Qzmean þ A · Qzmax � Qzmeanð Þ and

Qr ≥ Qmmean þ B · Qmmax � Qmmeanð Þ: (1)

where Qz mean denotes the zonal mean IWV along the same latitude of the grid point under consideration,
and Qz max is the maximum value of IWV found along that latitude. Similarly, Qm mean denotes the meridional
average of IWV between 0° and 90°N along the longitude of the grid point, and Qm max is the maximum
value of IWV found along that longitude between 0° and 90°N. A and B are adjustable parameters, and they
are assigned with values of 0.3 and 0.1, respectively, to best capture the filamentary structure of an AR.
2. The criterion of IWV >20mm [Ralph et al., 2004] is further applied to the result from step 1, and the

analysis domain is restricted to north of 15°N.
3. A “connected component labeling” algorithm [Liu et al., 2008] is used to filter out smaller-scale structures,

and ARs with a total area smaller than 2.5 × 105 km2 are removed from the daily map.
4. The general shape of the AR region identified through steps 1 to 3 is estimated by confining the AR

region with a rectangle box of minimal size and then calculating the areal fraction the AR occupies in the
box. If the fraction is less than 0.75, the AR is considered an “elongated” structure, and the labeled pattern
can be retained.

5. Next, the orientation of the identified AR pattern ismeasured by regressing the latitudes onto the longitudes
and screening out all patterns, where the overall orientation is not northeast (i.e., 0–90° from the east).

6. Finally, the detected AR regions are defined as regions that remain after going through the five filtering
steps discussed above.

The climatology of the AR occurrence probability along the U.S. West Coast is constructed with this algorithm
and shown in Figure 1 for the MERRA reanalysis data (Figure 1b), T85 model (Figure 1a), and T341 model
(Figure 1c). The peak AR probability based on MERRA is about 10%, in good agreement with previous studies
[Dettinger et al., 2011; Neiman et al., 2008a]. Both the medium- (T85; Figure 1a) and high- (T341; Figure 1c)
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resolutionmodels are able to reproduce the general AR distribution over theWest Coast. We can estimate the
ratio of AR-induced extreme precipitation in this region by matching the detected AR events with the
extreme precipitation events (identified through the 99th percentile of daily rain rate). The distribution of this
ratio based on MERRA (Figure 1e) shows that the coastal region between 38°N and 50°N is most significantly
affected by ARs since over 70% of the extreme precipitation events in this area are AR related. The T341
model (Figure 1f) captures nicely the spatial distribution and the approximatemagnitude of this ratio, but the
T85model (Figure 1d) indicates an obvious bias with the maximum value located farther south (around 35°N)
compared to the observation (MERRA).

To identify strong EACS events, a daily temperature index for the period October–March is first constructed
by averaging the SAT over East Asia (100°E–130°E and 20°N–40°N, see Figure 2a). A 30 day high-pass filter is
applied to this index. Two criteria are then used to identify extreme EACS events through this filtered index:
(1) local minima of the index must be below 3 standard deviations and (2) successive events must be at
least 5 days apart [e.g., Zhang et al., 1997]. The identified local index minimum represents the peak of each
EACS event and is labeled “day 0” in the following analysis. In the MERRA reanalysis, 35 extreme events for the
period 1979–2005 are identified, which is in good agreement with the number of EACS events documented
by Park et al. [2011]. The composite time evolution of the temperature index for these detected EACS events
is shown in Figure 2.

Finally, a Lanczos filter [Duchon, 1979] with 203 weights is used throughout this study to isolate fluctuation in
different time scales. The choice of 203 weights guarantees the trade off between Gibbs phenomenon and
the sharpness of stopband. Composite analysis is based on daily anomalies which are all defined with respect
to the corresponding daily climatological values. The statistical significance throughout the study was
obtained through a nonparametric approach (i.e., Monte Carlo sampling); 90% significance level is used to
better depict the key patterns, although 95% significance level would produce consistent result.

Figure 1. AR activity over the West Coast U.S. winter season (December–February). Climatology of the AR activity prob-
ability derived from (a) T85 simulation, (b) MERRA reanalysis data, and (c) T341 simulation. The ratio of AR-induced
extreme precipitation (99th percentile) is also shown in (d) T85 simulation, (e) MERRA reanalysis data, and (f ) T341
simulation. (unit: percent).
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3. Results
3.1. The Response of AR Probability and Coastal Precipitation to EACS Events

The composite temporal evolution of the anomalous western U.S. coastal AR probability following an
extreme EACS event is shown in Figure 3 (left column) for T85 model, MERRA, and T341 model. According to
the MERRA reanalysis (Figure 3c), immediately after the peak of the EACS event (day 0), the eastern North
Pacific AR activity is suppressed north of 35°N. However, from day 2 to day 8, a significant rise of AR
occurrence probability is observed, and the positive anomaly peaks on day 5 between 35°N and 45°N, a
region most vulnerable to AR-induced extreme precipitation (see Figure 1). Note that although the absolute
amplitude of the anomaly is small here (~4%), the transition from a suppressed to an enhanced AR phase is
equivalent to nearly a 100% change with respect to the climatological AR occurrence probability (~8–10%) in
this region (see Figure 1). The anomalous AR activity projects clearly onto the surface precipitation anomaly
(Figure 3d), which also exhibits a “dry” to “wet” regime transition. The T85 model (Figure 3a) however
indicates a transition from a suppressed to an enhanced AR phase on approximately day 7 (much later
than the observation), and the transition also occurs at lower latitudes compared to the observation. The
counterpart signals in surface precipitation are not in agreement with those based on the MERRA either
(Figure 3b). Compared to the T85 model, the T341 model (Figure 3e) simulates the anomalous AR probability
better. For example, the rise of AR activity starting from day 2 is well captured, although the elevated AR
activity lasts until day 12, about 4 days longer than the observational counterpart. The precipitation
anomalies in the T341 model simulation are also in better agreement with MERRA, particularly the maximum
positive anomaly that occurs between day 7 and day 10 (Figure 3f). Overall, the downstream responses of the
AR activity and the associated coastal precipitation following a strong EACS event are better captured by the
higher-resolution model (T341).

3.2. Large-Scale Circulation and Moisture Transport Anomalies Following EACS

To understand the sources of discrepancies between model simulations, we examine the anomalous
atmospheric circulation and moisture transport following EACS. Figure 4 shows the mid-tropospheric
(500 hPa) height anomaly (color shading) overlaid with the lower tropospheric (850 hPa) moisture transport
anomaly (arrows) over the North Pacific following the peak of an EACS for the T85 model (Figure 4, left
column), MERRA (Figure 4, middle column), and the T341 model (Figure 4, right column). In the MERRA
reanalysis, immediately after the peak of the EACS (day 0; Figure 4b), an intense trough is found over Sea of
Japan with a corresponding maximum height anomaly of more than 160m. A relatively weaker ridge also
develops to the east of the trough. The trough propagates northeastward in the next couple of days,
stalls, and expands after it reaches Gulf of Alaska (Figures 4e and 4h). On day 6 (Figure 4k), the most
pronounced feature is the development of a secondary trough (i.e., a persistent cyclonic circulation anomaly)
between 30°N and 50°N near the U.S. West Coast. The development of this persistent cyclonic circulation
anomaly is clearly responsible for the formation of a narrow channel of concentrated moisture transport

Figure 2. Mean surface air temperature feature of East Asia cold surge in MERRA data. (a) Distribution of SAT anomaly on
the peak of EACS (day 0). (b) SAT time series averaged over the red box as indicated in Figure 2a from day �10 to day 10.
(unit: Kelvin).
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toward western North America that becomes visible starting from day 4. The elevated coastal AR activity in
the western U.S. starting from day 2 (Figure 3c) is directly driven by the formation of this moisture channel.

For the period day 0 to day 2, both the T85 and T341 models are able to simulate the general pattern of
the height anomaly (i.e., the trough-ridge couplet over Sea of Japan), although the magnitude of the
ridge in the T85 model is overestimated, while the T341 model output is closer to MERRA (Figures 4a, 4c,
4d, and 4f ). The difference in terms of the model performance appears mostly after day 2. For example,
on day 4 and day 6, the T341 model reproduces nicely the expansion of the negative height anomaly
in the North Pacific high latitudes and the intensification of a local cyclonic circulation anomaly near
western U.S. (Figures 4i and 4l). On the other hand, the lower-resolution T85 model fails to capture
the general distribution of height anomalies during this period (Figures 4g and 4j). Due to the
misrepresentation of the atmospheric circulation anomalies in the T85 model, the formation of the
channel of the concentrated moisture transport near western U.S., which is visible in the T341 model, is
absent in the T85 model.

3.3. Dynamical Processes Driving the EACS-Excited Circulation Anomalies

Jiang and Deng [2011] suggest that the persistent trough structure (cyclonic circulation anomaly) found
over the eastern North Pacific after day 2 is primarily represented by IF and LF atmospheric disturbances.

Figure 3. Composite anomalies of the (left column) AR occurrence probability (unit: percent) and (right column) precipita-
tion (unit: mm/day) over the West Coast of the U.S. following the peak of EACS events. Dashed contours indicate 90%
significance level. Each column shows T85, MERRA, and T341 from top to bottom.
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Here we conduct a local height tendency analysis to further understand the processes that lead to the
formation of this trough, and particularly, to explore the role of scale interactions. Following Nakamura
et al. [1997], the quasi-geostrophic height tendency equation for an upper tropospheric level (here
200 hPa) may be written as

∂Z
∂t

≃
f o
g
∇�2 �∇ � ⇀

Vζ
� �

� βv
h i

; (2)

where fo is the Coriolis parameter at 45°N (=1 × 10�4 s�1); g is the gravity constant;
⇀
V is the horizontal

wind; ζ is the relative vorticity; β is the variation of the Coriolis parameter with latitude; and v is the
meridional wind. Because atmospheric disturbances following the cold surge tend to show larger
amplitudes in the upper troposphere with the intermediate frequency disturbances possessing a
clear equivalent barotropic structure, the 200 hPa is chosen to study the associated scale interactions.
By partitioning the horizontal winds and vorticity into four different frequency bands (high frequency
(HF, 2–8 days), intermediate frequency (IF, 8–30 days), low frequency (LF, 30–90 days), and seasonal mean
(M)), we rewrite the height tendency equation as the following:

Figure 4. Composite of the 500 hPa geopotential height anomaly (color shading; unit: meter) and water vapor transport
anomaly (vector) at 850 hPa following the peak (day 0) of EACS events. Dashed contours indicate that the height anom-
aly exceeds 90% significance level, and vectors plotted on the map indicate that at least one component of the moisture
flux exceeds 90% significance level. Results from the T85 simulation are presented on the left column, the middle column is
for the MERRA reanalysis data, and the right column is for the T341 simulation. From top to bottom are the results from day
0 (peak of EACS events) to day 6, plotted every 2 days.
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∂Z
∂t

¼ f o
g
∇-2 �∇ · ⇀

VH ζ H
� �

|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
HH

�∇ · ⇀
VI ζ I

� �
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

II

� ∇ · ⇀
VLζ L

� �
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

LL

� ∇ · ⇀
VM ζM

� �
|fflfflfflfflffl{zfflfflfflfflffl}

MM

2
664

�∇ · ⇀
VH ζ I þ

⇀
VI ζ H

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

HI

�∇ · ⇀
VH ζ L þ

⇀
VL ζ H

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

HL

�∇ · ⇀
VI ζ L þ

⇀
VLζ I

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

IL

� ∇ · ⇀
VH ζM þ⇀

VM ζ H
� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
HM

� ∇ · ⇀
VI ζM þ⇀

VM ζ I
� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
IM

�∇ · ⇀
VL ζM þ⇀

VM ζ L
� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
LM

�βv|{z}
planetary vorticity advection

�
(3)

where H, I, L, andM denote HF, IF, LF, and mean flow components, respectively. On the right-hand side (RHS) of
equation (3), the first four terms (HH, II, LL, and MM) represent the forcing of local height tendency by vorticity
flux associated with individual frequency bands. The three terms (HI, HL, and IL) that follow correspond to the
forcings related to cross-frequency interactions (scale interaction). For example, HI is the forcing of local height
tendency due to the interaction between HF and IF disturbances. The next three terms (HM, IM, and LM) are the
forcings associated with eddy-mean flow interactions. The last term is the forcing due to planetary vorticity
advection. We will next present the height tendency on day 1, day 3, and day 5 driven by individual forcing
terms on the RHS of equation (3). Furthermore, only terms that at least partly contribute to the formation of the
AR-driving cyclonic circulation anomaly near western U.S. will be discussed.

Figure 5 displays the height tendency associated with nonlinear interactions of atmospheric disturbances
within the IF band (i.e., the II term). In the MERRA data (Figure 5, middle column), this term drives a negative
height tendency north of 45°N over the North Pacific basin throughout the period following the EACS. On

Figure 5. Composite of the height tendency (unit: m/day) forced by the interaction of IF eddies (II) after the peak of
EACS events on (top row) “day 1,” (middle row) “day 3,” and (bottom row) “day 5”. Results are from (middle column)
the MERRA reanalysis, (left column) the T85 simulation, and (right column) the T341 simulation. Dashed lines indicate
90% significance level.
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day 3 and day 5, II contributes at least partly to the formation of the cyclonic circulation anomaly near
western U.S. (Figures 5e and 5h). Both models (Figure 5, left and right columns) are able to simulate the
II-related negative height tendency to a certain degree but also exhibit obvious biases. For example, the
T85 model does not capture this tendency on day 1 (Figure 5a), and both models tend to shift the negative
height tendency to higher latitudes compared to MERRA.

Figure 6. Same as Figure 5 but for height tendency forced by the interaction between the HF and IF eddies (HI).

Figure 7. Same as Figure 5 but for height tendency forced by the interaction between HF eddies and mean flow (HM).
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Figure 6 shows the height tendency driven by the interaction between HF and IF disturbances (i.e., the HI
term). In MERRA, on day 3, a strong negative height tendency due to HI is found across the North Pacific basin,
contributing directly to the development of the AR-driven cyclonic circulation near the U.S. West Coast
anomaly (Figure 6e). This feature is not represented well by either model (Figures 6d and 6f). Generally
speaking, the models fail to accurately simulate the interaction between HF and IF disturbances (Figure 6, left
and right columns versus Figure 6, middle column). Figure 7 presents the height tendency forced by the
interaction between HF disturbances and the winter mean flow (HM). In the MERRA reanalysis (Figure 7,
middle column), this tendency on day 1 is characterized by a well-defined wave train structure over the North
Pacific following the peak of the EACS (Figure 7b). The subsequent development of this wave train structure
on day 3 (Figure 7e) and day 5 (Figure 7h) indicates that the primary effect of HM is to advect the trough-ridge
pattern seen in Figure 4 eastward. It also contributes partly to the southward expansion of the high-latitude
negative height anomaly on day 4 thus the formation of the cyclonic circulation anomaly near the U.S. West
Coast (Figures 7e and 7h). On day 1 and day 3, the height tendency associated with the HM term in the
T341 model bears large similarity with that in the MERRA, although the amplitude is smaller in the model
(Figures 7c and 7f). The model does not reproduce the meridional expansion of the negative height anomaly
on day 5 (Figure 7i), although a preceding negative anomaly is found off the U.S. West Coast in both the
model and the MERRA. The T85 model, on the other hand, has difficulty in terms of capturing the overall
effect of the HM term (Figures 7a, 7d, and 7g).

Figure 8 shows the height tendency induced by interaction between IF disturbances and the mean flow (IM),
which turns out to be the most important process that leads to the development of the local cyclonic
circulation anomaly over the eastern North Pacific that eventually causes the AR formation. In the MERRA, on
day 5, IM drives a negative height tendency of approximately 6–8m/day near western U.S. (Figure 8h),
resulting in a rapid intensification of a cyclonic circulation anomaly in this region. Throughout the period,
especially on day 3 and day 5, the T341 model (Figures 8c, 8f, and 8i) captures nicely the evolution of the
height tendency over the eastern North Pacific, while the T85 model exhibits significant biases in this region
(Figures 8a, 8d, and 8g). The missing of a localized negative height tendency driven by IM near western North
America in the T85 model is likely the main reason why the model performs less satisfactorily compared to
the T341model in terms of simulating the EACS-AR connection (e.g., see Figure 4). Moreover, the difference in

Figure 8. Same as Figure 5 but for height tendency forced by the interaction between IF eddies and mean flow (IM).
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mean state is very small (less than 1% on mid-
troposphere); thus, the difference in scale
interaction terms is mainly due to the eddies.

3.4. The Central Role of IF Disturbances
in Connecting EACS With the Eastern North
Pacific AR Activity

The analysis above suggests that IF disturbances
likely play the most critical role in establishing the
EACS-AR connection, given that three out of the
four tendency forcing terms contributing to
the formation of the AR-inducing cyclonic
circulation anomaly are related to IF disturbances
(i.e., II, HI, and IM). To verify this, we compute the
coefficient of projection Pn following Jiang and
Deng [2011], where

Pn ¼
∑
λ;φ

Zn λ;φð ÞZ ′ λ; φð Þ cos φ

∑
λ;φ

Z ′2 λ; φð Þ cos φ (4)

In equation (4), n denotes the different frequency
bands as defined in section 3.3, i.e., H, I, L, and M.
Zn represents the composite geopotential height
anomalies for a given frequency band; λ and φ are
the longitude and latitude, respectively; and Z′ is
the total composite height anomaly as shown in
Figure 4. For any given pressure level (500 hPa
here), Pn quantifies the relative contribution of the
height anomaly of a specific frequency band to
the total anomaly by projecting the height
anomaly of this frequency band onto the total
height anomaly. The temporal evolution of Pn,
following the peak of a strong EACS, is shown in
Figure 9 for the eastern North Pacific (20°N–70°N
and 160°W–120°W).

In MERRA (Figure 9b), at the peak of the EACS
(day 0), IF disturbances show the largest projection
onto the total flow. Two days following the cold
surge, the contributions from HF, IF, and LF eddies

to the total flow anomaly become comparable. IF disturbances start dominating the flow anomaly on day 3,
and this dominance lasts until day 9. During this period, LF disturbances maintain their influence in this
region second to the IF disturbances. On the contrary, HF disturbances (representing synoptic scale
phenomena such as extratropical cyclones) contribute little to the total flow anomaly when the eastern
North Pacific AR activity is enhanced (i.e., day 2 to day 8 according to Figure 3). The T85 model (Figure 9a)
completely misrepresents the relative contributions of the HF, IF, and LF disturbances to the total flow
anomaly following the EACS, and the amplitude of the LF disturbance is biased high compared to the
observation. The T341 model (Figure 9c), on the other hand, is able to capture the large amplitude of
IF disturbances and their dominance over the eastern North Pacific 2 days after the peak of the EACS.
Furthermore, the T341 model reproduces the relative importance of the three frequency bands a couple of
days after day 0, i.e., IF> LF>HF. This result is also consistent with the fact that the T341 model is able to
simulate better (compared to the T85 model) various IF disturbance-related height tendency terms
(especially the IM term) as discussed in the previous section. This analysis here thus further confirms that
IF disturbances act as a key component in connecting strong EACS events with the AR activity near the U.S.

Figure 9. Coefficients of projection onto the total disturbance
field by disturbances in HF, IF, and LF bands over eastern North
Pacific (the detailed definition of the region is provided in
section 3.4). The evolution of the projection coefficients fol-
lowing the peak of the EACS (day 0) are calculated from (a) T85
simulation, (b) MERRA reanalysis, and (c) T341 simulation.
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West Coast. In addition to the discussion of Jiang and Deng [2011], Newman et al. [2012] also proved that
IF variability is the largest contributor to the moisture transport into southwestern North America during the
cool season. Therefore, the role played by IF disturbances in connecting EACS with AR activity is simply one
example of the capability of IF variability in organizing large-scale moisture transport in the atmosphere.

4. Concluding Remarks

In this study, the AR activity over the eastern North Pacific near the U.S. West Coast and its connection
with strong EACS events are evaluated based upon a newly developed AR detection algorithm that quantifies
AR occurrence probability. Specifically, it is shown that majority of the precipitation extremes in MERRA
reanalysis over the U.S. West Coast are induced by ARs. The coastal AR activity and precipitation extremes are
demonstrated to be significantly modulated by EACS. Following the peak of a strong EACS event, AR
occurrence probability is suppressed over the eastern North Pacific, and this suppression is followed by a
rapid rise of AR activity 2 days later that persists until 9 days after the cold surge. The elevated AR activity is
accompanied by enhanced coastal precipitation during the same period.

Analysis of the North Pacific atmospheric circulation anomalies following the cold surge reveals that the
development of a local cyclonic circulation anomaly west of the U.S. coast creates a channel of concentrated
moisture transport into the North American continent. IF disturbances are found to dominate the eastern
North Pacific flow anomalies during the period when the AR activity is elevated. Local height tendency
analysis suggests that the following processes contribute to the development of the local cyclonic circulation
anomaly: nonlinear interactions among IF disturbances (II), interactions between HF and IF disturbances (HI),
interactions between HF disturbances and the winter mean flow (HM), and interactions between IF and the
mean flow (IM).

The connection between EACS and AR is further examined in CCSM4 T85 and T341 model outputs. The
higher-resolution model (T341) performs much better in terms of capturing the EACS-AR connection.
Diagnosis of the model output indicates that the better performance of the T341 model stems primarily from
more faithful representations of the IM process and thus the IF disturbances in the T341 model compared to
the T85 model. Additionally, a higher-resolution model also resolves the filamentary feature of the AR
structure more precisely, partly contributing to the better performance of the T341 model (as shown in
Figure 1). Going with a high-resolution global (versus regional) model in climate modeling and projection
thus has the following three advantages at least when the western U.S. hydroclimate variability is the main
concern: inclusion of spontaneous excitations of remote forcings of hydrological extremes (i.e., EACS), better
captured scale interaction and IF variability, and better resolved concentrated moisture transport (i.e., ARs).
Finally, considering that EACS events themselves are also closely tied to IF variability in the extratropics, the
importance of an accurate representation of scale interaction in a model cannot be overemphasized. In
addition to the IF variability, tropical forcing associated with sea surface temperature anomalies and
intraseasonal/interannual modes such as MJO/El Niño–Southern Oscillation could significantly influence the
circulation pattern and strength of the moisture source in the central eastern equatorial Pacific where the
IF disturbances tap moisture from. The relative importance of these factors compared to the IF variability of
extratropical origins in modulating western U.S. AR activity will be considered in a separate study.
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