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FIG. 1. Examples of detected AR-like features (outlined in red) within fields of instantaneous full-field IVT

(shaded, in kg m�1 s�1) for (a) 1200 UTC 12 August 2002, (b) 1200 UTC 7 July 1985, and (c) 1800 UTC 11

December 2014.
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Atmospheric rivers (ARs)

- ARs have long been studied for 
the mid-latitudes (e.g. 
California) but much less focus 
has been put on high-latitude 
events 

- little-to-no work has been done 
on ARs hitting Alaska 

- red contours: in Mundhenk et 
al. (2016) we introduce a 
detection algorithm for ARs that 
can be applied over the entire 
North Pacific FIG. 1. Examples of detected AR-like features (outlined in red) within fields of instantaneous full-field IVT

(shaded, in kg m�1 s�1) for (a) 1200 UTC 12 August 2002, (b) 1200 UTC 7 July 1985, and (c) 1800 UTC 11

December 2014.
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FIG. 1. Examples of detected AR-like features (outlined in red) within fields of instantaneous full-field IVT

(shaded, in kg m�1 s�1) for (a) 1200 UTC 12 August 2002, (b) 1200 UTC 7 July 1985, and (c) 1800 UTC 11

December 2014.
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Integrated Water Vapor Transport (IVT) [kg/m/s] 
Mundhenk et al. 2016; JCLI; under review
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AR Climatology

- annual-mean AR frequency follows 
the storm track position 

- Here, we will compare/contrast two 
regions: 

- Gulf of Alaska

- U.S. West Coast

Confidential manuscript submitted to JGR-Atmospheres

Abstract9

This is the abstract for this work.10

1 Introduction11

Atmospheric rivers (ARs).12

We analyze ARs that pass over the two distinct landfall boundaries plotted in Figure 113

overlaying the all-season mean AR frequency of occurrence from Mundhenk et al. [2016]. The14

landfall boundaries, referred to as “Gulf of Alaska” and “U.S. West Coast,” are approximately15

1200 km in length in order to facilitate comparing and contrasting ARs near both locations.16

The separation between the boundaries is deliberate in order to reduce the number of AR events17

that simultaneously impact both locations of interest, but while still analyzing regions of po-18

tential scientific and societal importance.19

Figure 1. Location of the Gulf of Alaska (blue) and U.S. West Coast (maroon) landfall boundaries overlay-

ing the all-season mean AR frequency of occurrence (contoured colorfill).

20

21

The remainder of this manuscript is organized into three sections. Section 2 includes a22

brief description of the datasets used in this work. Section 3 compares and contrasts the oc-23

currence and characteristics of ARs over the landfall boundaries and develops a conceptual24

model. The study’s results and conclusions are further discussed in section 4.25

–2–

annual-mean AR frequency of occurrence from MERRA
Mundhenk et al. 2016; JCLI; under review

7.5%

6.6%



Elizabeth A. BarnesCSU

Example of AR over the Gulf of Alaska

- AR outline

- shading: geopotential height 
anomalies 

- green: integrated water vapor 
transport (IVT) 

- arrows: 700 hPa vector wind 
anomalies 

- black contour: potential 
temperature contour on 2 PVU

Confidential manuscript submitted to JGR-Atmospheres

Figure 8. Representative DJF ARs (orange outlines) impacting the (a) Gulf of Alaska and (b) U.S. West

Coast landfall boundaries. Each panel includes 500 hPa geopotential height anomalies (shaded), 700 hPa vec-

tor wind anomalies (arrows), IVT (thin green contours; intervals of 100 kg m�1 s�1 starting at 200 kg m�1

s�1), and the potential temperature contour on the 2 PVU surface used to assess the Rossby wave breaking

conditions (solid black contour).
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The striking height anomaly in the northeast Pacific in the seasonal composite difference238

and the evidence that similar anomalies may exists and influence ARs on individual time steps239

leads us to hypothesize that such anomalies in the northeast Pacific may influence ARs near240

Alaska and the U.S. West Coast across a range of temporal scales. Based on the variability241

captured by the spread and overlap of the frequency distributions in Figure 7, we further hy-242

pothesize that the anomaly alone may be insufficient to account for the presence of an AR over243

either landfall boundary. However, an anomaly in the northeast Pacific may provide useful in-244

formation regarding whether an AR is more likely over one landfall boundary or the other.245

Before assessing the impacts of a northeast Pacific height anomaly on ARs, we evalu-246

ate how often ARs occur over both landfall boundaries concurrently. Here, we consider simul-247

taneous or coincident ARs as occurring when at least one of the 6-hourly periods within an248

AR event detected over one boundary also falls within an AR detected over the other bound-249

ary. Approximately 3.9% of all Gulf of Alaska AR events have a concurrent AR near the U.S.250

West Coast; similarly, nearly 4.8% of the U.S. West Coast ARs have a simultaneous AR near251

Alaska. Such results are muddied somewhat by the 46 periods in the 37-year record during252

which the same individual AR feature occurs over both landfall boundaries at the same time.253

Regardless, coincident ARs should be considered rare events.254

–12–

Mundhenk et al. 2016; in prep
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DJF composites

- Gulf of Alaska: ridging 
in the eastern Pacific, 
north/south oriented IVT 

- U.S. West Coast: ridging 
over the U.S., more east/
west oriented IVT

Mundhenk et al. 2016; in prep
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were each AR’s landfall position is sifted to a common longitude (not shown), confirming that130

the patterns in Figure 4 are subdued by variability along the lengthy 1200 km boundary. Plots131

of seasonal mean values of these variables are available in the supporting information for com-132

parison.133

Figure 4. Composite atmospheric conditions during 395 first-period DJF Gulf of Alaska AR events identi-

fied using the indicated landfall boundary (blue demarcation). Panel (a) includes 500 hPa geopotential height

(shaded; intervals of 50 gpm), sea level pressure (black contours; intervals of 5 hPa), and 700 hPa vector

winds (arrows). Panel (b) shows total precipitable water (shaded; intervals of 2 mm), integrated water vapor

transport anomalies (black contours; intervals of 40 kg m�1 s�1 with the zero contour omitted), and mean

1000-925 hPa winds (arrows).
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Figure 5 depicts the atmospheric conditions composited from 482 first-period U.S. West140

Coast DJF AR events. A broad region of low pressure extends across the Gulf of Alaska and141

northeast Pacific in this composite. The pronounced 500 hPa ridging apparent in the Alaska142

composite (Figure 4a) is much weaker and farther inland in this U.S. West Coast AR analy-143

sis. The flow at 700 hPa and at lower levels is predominantly zonal, with a subtle meridional144

perturbation just off shore of the west coast. Just as in the Gulf of Alaska AR composite, here145

a tongue of high total precipitable water extends from the persistent tropical moisture reser-146

voir towards the landfall boundary.147

While Figures 4 and 5 present composite atmospheric conditions for ARs detected over150

the landfall boundaries, Table 1 delivers some mean characteristics of AR events over the same151

boundaries. Such an analysis is afforded by the feature-based AR detection algorithm that cap-152

–7–

Gulf of Alaska (395 ARs)

precipitable water
IVT
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Figure 5. As Figure 4, but for composite atmospheric conditions during 482 first-period DJF U.S. West

Coast AR events identified using the indicated landfall boundary (maroon demarcation).

148

149

tures a range of AR traits (length, mean IVT, total mass flux, etc.) in addition to the basic time153

of occurrence and spatial expanse of each AR. Rather than using each AR event’s first period,154

Table 1 is constructed using mean characteristics over the spatial expanse of each AR event,155

though differences between the methods are subtle (not shown). Boldface type in Table 1 de-156

notes those characteristics where the null hypothesis of equal means between the locations can157

be rejected via a Welch’s t test at the 95% confidence level; the number of events and persis-158

tence are not hypothesis tested.159

Table 1. Mean AR Characteristics a
160

Location Events Persistence Length Orientation Area U Wind V Wind IVT IVT0 PWAT
Total # # Periods km � km2 ms�1 ms�1 kg m�1 s�1 kg m�1 s�1 kg m�2

DJF Only

Alaska 395 2.4 3591 84 1563483 -0.9 15.4 577 401 17

West Coast 482 2.9 3190 49 1636761 8.1 10.7 603 415 19

All Periods

Alaska 1484 2.6 3383 71 1508414 2.1 11.9 604 406 20

West Coast 1196 2.8 3327 58 1532138 4.6 10.0 599 406 20

a Boldface denotes where the null hypothesis of equal means can be rejected via Welch’s t test at the 95% confidence level.

–8–

U.S. West Coast (482 ARs)

precipitable water
IVT

SLP
Z500
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DJF composites

- Gulf of Alaska: ridging 
in the eastern Pacific, 
north/south oriented IVT 

- U.S. West Coast: ridging 
over the U.S., more east/
west oriented IVT

Mundhenk et al. 2016; in prep
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were each AR’s landfall position is sifted to a common longitude (not shown), confirming that130

the patterns in Figure 4 are subdued by variability along the lengthy 1200 km boundary. Plots131

of seasonal mean values of these variables are available in the supporting information for com-132

parison.133

Figure 4. Composite atmospheric conditions during 395 first-period DJF Gulf of Alaska AR events identi-

fied using the indicated landfall boundary (blue demarcation). Panel (a) includes 500 hPa geopotential height

(shaded; intervals of 50 gpm), sea level pressure (black contours; intervals of 5 hPa), and 700 hPa vector

winds (arrows). Panel (b) shows total precipitable water (shaded; intervals of 2 mm), integrated water vapor

transport anomalies (black contours; intervals of 40 kg m�1 s�1 with the zero contour omitted), and mean

1000-925 hPa winds (arrows).
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Coast DJF AR events. A broad region of low pressure extends across the Gulf of Alaska and141
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composite (Figure 4a) is much weaker and farther inland in this U.S. West Coast AR analy-143

sis. The flow at 700 hPa and at lower levels is predominantly zonal, with a subtle meridional144

perturbation just off shore of the west coast. Just as in the Gulf of Alaska AR composite, here145

a tongue of high total precipitable water extends from the persistent tropical moisture reser-146

voir towards the landfall boundary.147

While Figures 4 and 5 present composite atmospheric conditions for ARs detected over150

the landfall boundaries, Table 1 delivers some mean characteristics of AR events over the same151

boundaries. Such an analysis is afforded by the feature-based AR detection algorithm that cap-152
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Figure 5. As Figure 4, but for composite atmospheric conditions during 482 first-period DJF U.S. West

Coast AR events identified using the indicated landfall boundary (maroon demarcation).
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tures a range of AR traits (length, mean IVT, total mass flux, etc.) in addition to the basic time153

of occurrence and spatial expanse of each AR. Rather than using each AR event’s first period,154

Table 1 is constructed using mean characteristics over the spatial expanse of each AR event,155

though differences between the methods are subtle (not shown). Boldface type in Table 1 de-156

notes those characteristics where the null hypothesis of equal means between the locations can157

be rejected via a Welch’s t test at the 95% confidence level; the number of events and persis-158

tence are not hypothesis tested.159

Table 1. Mean AR Characteristics a
160

Location Events Persistence Length Orientation Area U Wind V Wind IVT IVT0 PWAT
Total # # Periods km � km2 ms�1 ms�1 kg m�1 s�1 kg m�1 s�1 kg m�2

DJF Only

Alaska 395 2.4 3591 84 1563483 -0.9 15.4 577 401 17

West Coast 482 2.9 3190 49 1636761 8.1 10.7 603 415 19

All Periods

Alaska 1484 2.6 3383 71 1508414 2.1 11.9 604 406 20

West Coast 1196 2.8 3327 58 1532138 4.6 10.0 599 406 20

a Boldface denotes where the null hypothesis of equal means can be rejected via Welch’s t test at the 95% confidence level.
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Strong ridging for 
Alaska AR events
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Geopotential height anomaly

- Gulf of Alaska: ARs are associated 
with a large +Z500 anomaly 

- U.S. West Coast: ARs are associated 
with a lack of +Z500 anomaly
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Figure 6. Differences between the DJF composite atmospheric conditions resulting from the subtraction of

the U.S. West Coast event composite (Figure 5a) from the Gulf of Alaska event composite (Figure 4a) in 500

hPa geopotential height (shaded), sea level pressure (black contours; intervals of 4 hPa with the zero contour

omitted), and 700 hPa vector winds (arrows). The green box outlines the region in which height anomalies are

assessed (see text for description).
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Though the actual numeric difference values vary seasonally, the spatial difference pat-197

tern in Figure 6 is not unique to DJF (not shown). The apparent robustness of this pattern mo-198

tivates an assessment of the extent to which a height/pressure/circulation anomaly over the north-199

east Pacific influences ARs near Alaska and the U.S. West Coast. Hereafter, this anomaly fea-200

ture will be referred to as a height anomaly (+/- H0), but may be thought of equivalently as201

a pressure or circulation anomaly. To evaluate the possible relationships between this anomaly202

and ARs, we will evaluate 500 hPa geopotential height anomaly values averaged over the 11�203

⇥ 16� region identified by the green box in Figure 6. At 6-hourly temporal resolution, the re-204

sulting time series has a lag-1 autocorrelation of 0.98 and an e-folding decay time of approx-205

imately 12 days.206

Figure 7 presents frequency distributions of DJF 500 hPa geopotential H0 values aver-207

aged over the region identified in Figure 6. Here, each anomaly value, in terms of geopoten-208

tial meters (gpm), is categorized based on whether an AR was detected over the Gulf of Alaska209

landfall boundary, over the U.S. West Coast landfall boundary, or whether no AR was detected210

near either location. The distribution of anomaly values associated with Gulf of Alaska AR211

–10–
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periods is shifted toward positive anomalies. In contrast, the distribution of anomaly values212

associated with U.S. West Coast AR periods is shifted toward negative height anomalies. These213

opposing shifts agree with the difference plot (Figure 6) that depicts greater H0 values from214

the Gulf of Alaska DJF composite compared to the U.S. West Coast composite. Though the215

distributions in Figure 7 are based only on DJF, frequency distributions for other seasons and216

across all seasons are similar (not shown), with the same general shifts observed in DJF.217

Figure 7. Distributions of mean 500 hPa geopotential height anomalies in geopotential meters (gpm)

for the region identified in Figure 6 for all DJF periods during which an AR was detected along the Gulf of

Alaska landfall boundary (red), along the U.S. West Coast landfall boundary (blue), and during which no AR

was detected near either location (gray).

218

219
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221

Up to this point we have presented composites and distributions based on large samples222

of ARs. Here, we briefly analyze two representative ARs, one detected over each of the land-223

fall boundaries. Each of the two panels in Figure 8 displays an AR that is most representa-224

tive of the DJF mean characteristic values (e.g., those in Table 1) for the respective bound-225

ary. The 500 hPa geopotential height and 700 hPa wind anomalies in Figure 8a closely mir-226

ror the composite difference plot in Figure 6, with a pronounced pressure/height/circulation227

anomaly center in the northeast Pacific. We hypothesize that the timing, location, and char-228

acter of this anomaly is important to the existence of the AR extending from near Hawaii to229

the Gulf of Alaska landfall boundary. The anomaly patterns in Figure 8b do not directly op-230

pose those in Figure 8a, but a notable anomaly center of the opposite sign does exist in the231

northeast Pacific.232
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Mundhenk et al. 2016; in prep

Difference between DJF Z500
for Gulf of Alaska and U.S. West Coast ARs 
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Geopotential height anomaly

- Gulf of Alaska: ARs are associated 
with a large +Z500 anomaly 

- U.S. West Coast: ARs are associated 
with a lack of +Z500 anomaly
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Figure 6. Differences between the DJF composite atmospheric conditions resulting from the subtraction of

the U.S. West Coast event composite (Figure 5a) from the Gulf of Alaska event composite (Figure 4a) in 500

hPa geopotential height (shaded), sea level pressure (black contours; intervals of 4 hPa with the zero contour

omitted), and 700 hPa vector winds (arrows). The green box outlines the region in which height anomalies are

assessed (see text for description).
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Figure 7 presents frequency distributions of DJF 500 hPa geopotential H0 values aver-207

aged over the region identified in Figure 6. Here, each anomaly value, in terms of geopoten-208

tial meters (gpm), is categorized based on whether an AR was detected over the Gulf of Alaska209

landfall boundary, over the U.S. West Coast landfall boundary, or whether no AR was detected210

near either location. The distribution of anomaly values associated with Gulf of Alaska AR211
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Difference between DJF Z500
for Gulf of Alaska and U.S. West Coast ARs 

 

% of Z500 
events with 

AR 

+Z500 
event 

-Z500 
event 

U.S. Coast  11% 31% 
Alaska 38% 18% 
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Monthly timescales

- Months with anomalous +Z500 have more Gulf of Alaska ARs and fewer 
U.S. West Coast ARs 

- Months with anomalous -Z500 have fewer Gulf of Alaska ARs and more 
U.S. West Coast ARs
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the year. Positive height anomaly events effectively increase the ARF for the Gulf of Alaska328

boundary by 68% from an all-season mean of 7.5% to 12.6%. The ARF for the U.S. West Coast329

boundary decreases to 1.4%, or a mere 21.6% of all-season mean ARF of 6.6%, during the330

same positive height events. As expected and shown in Figure 9, negative height anomaly events331

have the opposite impact on ARF over the locations of interest. Negative height anomaly events332

effectively decrease the ARF for the Gulf of Alaska ARF by 70% from an all-season mean333

of 7.5% to 2.3%. Meanwhile, the ARF over the U.S. West Coast boundary is effectively in-334

creased by 79% from 6.6% to 11.8%.335

Figure 10. Comparison of the percent of calendar months with increased AR activity (solid error bars)

and decreased AR activity (dotted error bars) during months with mean positive northeast Pacific 500 hPa

geopotential height anomalies (LHS of each panel) and mean negative height anomalies (RHS of each panel)

for the (a) Gulf of Alaska and (b) U.S. West Coast AR landfall boundaries. Error bars encompass the 95%

confidence interval for a binomial distribution based on the Clopper-Pearson method.

336
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339

340

Extending the analysis to anomalous activity over longer time scales, we consider the341

444 calendar months in the 37-year record. Calendar months may have little meaning mete-342

orologically; however, subsetting time series by month is a convenient and understandable way343

to do so at the subseasonal level. As before, anomalous activity is determined by assessing344

the variable after removing the mean and seasonal cycle. In this case anomalous activity is then345

characterized as the sign of activity (positive/increased or negative/decreased) occurring the346

majority of the time during the period, though the results are similar if anomalous activity is347

defined by the resultant of a summation of anomalous activity over the period.348

–16–

more ARs with
positive height anomalies

fewer ARs with
negative height anomalies

fewer ARs with
positive height anomalies

more ARs with
negative height anomalies

Mundhenk et al. 2016; in prep
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Rossby wave breaking

- Previous work has linked anti-cyclonic Rossby wave 
breaking with ARs off of California (Payne & Magnusdottir, 
2014; JCLI) 

- Gulf of Alaska ARs are associated with CWB when the jet is 
equatorward in winter 

- This CWB may lead to the +Z500 anomalies/blocking 
patterns we’ve explored thus far
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Figure 11. Seasonality of the percent of AR events associated with Rossby wave breaking for the (a) Gulf

of Alaska and (b) U.S. West Coast landfall boundaries. The colors denote different wave breaking types, or

life cycles, with green representing cyclonic wave breaking (CWB), orange representing anticyclonic wave

breaking (AWB), and purple representing concurrent (or double) wave breaking (DWB). The dashed line in

each panel represents the percent of AR events associated with any breaking event, regardless of type.

408

409

410

411

412

ward, the landfall boundary is nearer the jet core itself, thus subject to cyclonic and/or anti-418

cyclonic shear, and associated wave breaking, as perturbations propagate through. Over the419

period 1979–2010, approximately 95% of the AR events detected over the Gulf of Alaska may420

be associated with Rossby wave breaking of any type.421

Figure 11b shows the breakdown of associated wave breaking for the U.S. West Coast422

boundary. Less seasonality occurs over this boundary, though the percent of ARs associated423

with CWB is increased during boreal winter seasons. The relationship between ARs along the424

west coast and AWB has been documented and ascribed to the favored anticyclonic breaking425

equatorward of the mean jet position [e.g., Payne and Magnusdottir, 2014]. Overall, nearly 86%426

of all AR events over the U.S. West Coast may be associated with Rossby wave breaking.427

The motivation for assessing the relationships between ARs and Rossby wave breaking428

is to link AR activity and the northeast Pacific height anomalies discussed throughout this sec-429

tion with the broader dynamics of the North Pacific. Rossby waves alter the atmospheric cir-430

culation as they propagate and evolve into and through the extratropics. In so doing, Rossby431

waves may strongly influence the tropospheric structure shown herein to influence AR activ-432

ity; as a result, a discussion of wave breaking compliments the discussion of height anoma-433

lies. Additionally, the well-documented relationships between topical variability and remote434

–19–
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Figure 8. Representative DJF ARs (orange outlines) impacting the (a) Gulf of Alaska and (b) U.S. West

Coast landfall boundaries. Each panel includes 500 hPa geopotential height anomalies (shaded), 700 hPa vec-

tor wind anomalies (arrows), IVT (thin green contours; intervals of 100 kg m�1 s�1 starting at 200 kg m�1

s�1), and the potential temperature contour on the 2 PVU surface used to assess the Rossby wave breaking

conditions (solid black contour).
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The striking height anomaly in the northeast Pacific in the seasonal composite difference238

and the evidence that similar anomalies may exists and influence ARs on individual time steps239

leads us to hypothesize that such anomalies in the northeast Pacific may influence ARs near240

Alaska and the U.S. West Coast across a range of temporal scales. Based on the variability241

captured by the spread and overlap of the frequency distributions in Figure 7, we further hy-242

pothesize that the anomaly alone may be insufficient to account for the presence of an AR over243

either landfall boundary. However, an anomaly in the northeast Pacific may provide useful in-244

formation regarding whether an AR is more likely over one landfall boundary or the other.245

Before assessing the impacts of a northeast Pacific height anomaly on ARs, we evalu-246

ate how often ARs occur over both landfall boundaries concurrently. Here, we consider simul-247

taneous or coincident ARs as occurring when at least one of the 6-hourly periods within an248

AR event detected over one boundary also falls within an AR detected over the other bound-249

ary. Approximately 3.9% of all Gulf of Alaska AR events have a concurrent AR near the U.S.250

West Coast; similarly, nearly 4.8% of the U.S. West Coast ARs have a simultaneous AR near251

Alaska. Such results are muddied somewhat by the 46 periods in the 37-year record during252

which the same individual AR feature occurs over both landfall boundaries at the same time.253

Regardless, coincident ARs should be considered rare events.254
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cyclonic wave breaking
(CWB)

Mundhenk et al. 2016; in prep
RWB follows Liu & Barnes (2015)
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Potential for predictability through the MJO?

- Recent work by Henderson et al. 
(2016) shows that phases 7/8 of the 
MJO increases blocking over the 
eastern Pacific through Rossby-wave-
driven teleconnections 

- Likewise, AR frequency over the Gulf 
of Alaska is increased during MJO 
phases 7/8 

- Thus, there is potential to predict AR 
frequencies given the state of the 
MJO…to be continued

(a) Anomalous blocking frequency (%) during MJO Phase 8 + 5 days

(b) Anomalous AR frequency during MJO Phase 8

Henderson et al., 2016; JCLI
Mundhenk et al. 2016; JCLI; under review
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Conclusions

1. Atmospheric rivers occur over the Gulf of Alaska at similar frequencies to those off 
of the U.S. West Coast

2. Blocking-like Z500 anomalies over the eastern Pacific lead to increased AR 
occurrence over Alaska and decreased AR occurrence over the U.S. West Coast 
on daily to monthly timescales 

3.  Blocking in the relevant region has been recently shown to be linked to phases 
7/8 of the MJO

4. Preliminary results show a link between the MJO and AR occurrence over the 
west coast of North America
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Conclusions

1. Atmospheric rivers occur over the Gulf of Alaska at similar frequencies to those off 
of the U.S. West Coast

2. Blocking-like Z500 anomalies over the eastern Pacific lead to increased AR 
occurrence over Alaska and decreased AR occurrence over the U.S. West Coast 
on daily to monthly timescales 

3.  Blocking in the relevant region has been recently shown to be linked to phases 
7/8 of the MJO

4. Preliminary results show a link between the MJO and AR occurrence over the 
west coast of North America

The predictability of AR occurrence based on Z500 
anomalies and MJO phase is currently being explored…
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