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ABSTRACT:  Major flood risk, in Western Washington, typically begins with an evolving “Pineapple 
Express” pattern offshore, aimed at the Pacific Northwest. The strongest are frequently responsible for 
extreme precipitation along the West Coast of North America, causing severe flooding and related storm 
events. These warm, moist “atmospheric rivers” (ARs) sometimes tap abundant tropical moisture and are 
responsible for intense rainfall, often with rain on snow in the mountain head waters of many basins. A 
better understanding of ARs is important to forecasters, emergency and water management professionals 
to determine potential impacts of these events. This study describes their impact on major flooding in 
Western Washington including the nature of infrequent, minor non AR flood events and details of very 
large AR floods.   
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1.  INTRODUCTION 
 
 
     Pineapple Express (PE) storms, arriving on the 
west coast of North America, often result in 
episodes of extreme unsettled winter weather, 
especially major floods. The weather pattern often 
brings a substantial amount of the annual rainfall 
and frequently sets daily rainfall records, with 
intense hourly rainfall rates.  
     The PE is a type of atmospheric river (AR) 
which taps into tropical moisture near Hawaii. An 
atmospheric river is an elongated, narrow, water 
vapor transport band located in the warm sector of 
a mid-latitude cyclone, often enhanced by 
convergence of local moisture (Bao et al. 2006).  
ARs contain warm temperatures, enhanced water 
vapor and a strong low level jet (Ralph et al. 
2006).  
     For this study a data set of atmospheric rivers 
from water year 1998 to 2006, between 41.0 N 
and 52.5 N were used (Neiman et al. 2007). Water 
year 2007 was added with a subsequent study 
(Neiman et al 2008).  Due to the narrowness of 
AR patterns, compared with the vast width of the 
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land falling sample area in the data set used, this 
study isolated peak annual flows in specific basins 
between ~47.0 N to ~49.0 N, to match AR 
patterns rather than the contrary analysis. These 
ARs contained core integrated water vapor plume 
values of >2cm. Images from the Special Sensor 
Microwave Imager (SSM/I) were used to identify 
these AR candidates. 
     The river basins of Western Washington are 
considered “flashy” during intense, prolonged 
synoptic scale rainfall, as rivers respond quickly to 
runoff concentrations, rising rapidly. Few studies 
have attempted to match AR patterns to specific 
high flows (Ralph et al. 2006). In this study the 
peak annual flow on three diverse rivers, with 
different basin topography and orientation were 
used. Preliminary, U.S. Army Corps of Engineers 
calculated peak mean daily, unregulated inflow 
into Howard Hanson dam was used in the Green 
River basin case. Refer to map, figure 1. USGS 
annual peak instantaneous flow was used in the 
unregulated Sauk River (Skagit Basin) case. In 
the Wynoochee River case, regulated flow at the 
USGS gage on the Wynoochee River, near 
Montesano was used. The Wynoochee dam 
regulates runoff from only 20% of the basin 
representing roughly 33% of the total basin flow; 
therefore it was thought the Wynoochee river 
gage near Montesano better represents overall 
high flow conditions. It’s important to understand 
that in all the cases, downstream from the 
reservoirs, low elevation tributaries can often 
contribute runoff greater than 50% of the total 
flow, beyond the management of the dam.  
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     Also discussed are the few, minor non AR high 
flows. In addition, details of flooding regarding the 
very large AR floods, including a case (Skagit 
River Oct 2003) where the flood was wholly AR 
caused, without the typical pre-existing flood 
conditions or secondary factors.  Several major 
flood events are examined in more detail.   
 
2. HIGH WATER AND FLOODS: WATER YEAR 
1998 - 2007 
 
2.1. U.S. Army Corps of Engineers Flood Risk 
Management Strategy 
    
     During major floods the Army Corps of 
Engineers, Reservoir Control Center (RCC) in 
Seattle operates dams to manage downstream 
flood risk. The RCC coordinates with Corps 
Emergency Management in conducting flood fight 
operations. 
     The strategy is to evaluate changing weather 
and hydrologic forecasts while using reservoir 
storage, basin characteristics, known levee 
limitations and other factors to manage flood risk. 
The basic strategy is to capture and store the 
peak of the flood waters until the threat passes. 
Then, after the event, immediately release as 
much water as prudent, to make storage available 
for a possible subsequent rain event. Flows 
downstream from dams may be regulated and 
reflect ongoing flood risk management procedures 
in progress during a rain event.   
 
 

 
 
 
Figure 1: Location of rivers used in this study of 
Western Washington flooding and atmospheric 
river patterns.  
 

 
2.2 Green River  
 
 
     The upper Green River basin extends into the 
medium and lower west slopes of the Central 
Washington Cascades and is regulated by 
Howard Hanson dam. The Green is considered a 
low elevation transient rain and snow basin. The 
basin orientation slightly favors a westerly flow; 
therefore certain ARs will favor it with heavy rain. 
The project is owned and operated by the Corps 
of Engineers in Seattle for flood control during the 
wet winter months. Down stream the river 
meanders through the populated Kent Valley, 
south of Seattle, Washington. The dam and 
downstream levees assists in flood risk 
management of $17 billion in infrastructure and 
tens of thousands of people.   
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Figure 2: Green River, peak mean daily inflow to 
Howard Hanson Reservoir. The largest floods 
were all the result of atmospheric rivers. 

 
     Figure 2 shows all large flood events were 
identified ARs. The largest flood was caused by 
an AR on Nov. 07, 2006 which stalled and 
produced the flood of record on the nearby 
Skykomish, Carbon and Puyallup Rivers. Basin 
orientation appears to favor a west to northwest 
atmospheric flow pattern of heavy rain, which also 
played a role in the January 18th 2006 flood. The 
January 18th AR was preceded by wet westerly 
flow for weeks. January of 2006 was among the 
wettest months on record in nearby Seattle and at 
Howard Hanson Dam. Unregulated downstream 
high tributary flows, below the dam, contributed to 
the unusually high downstream flows. 
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     There was only one peak which was not 
induced by an AR event. The reason for the 
modestly high flow of Jan 31, 2004 was a moist 
cold front passage and subsequent northwesterly 
airflow, favoring basin orientation. 
 
 
2.3. Wynoochee River 
 
 
     Flood risk management storage space is 
reserved for the Army Corps of Engineers behind 
Wynoochee * dam from October through late 
March. The Corps directs dam operations during 
flood events and the control point is the USGS 
gage on the Wynoochee River near Montesano. 
During high water, the lower basin runoff threatens 
farmlands and the town of Montesano, where it 
flows into the Chehalis River.  The basin is on the 
southern edge of the Olympic Mountains, near the 
Pacific Ocean, with annual rainfall exceeding 4064 
mm (160 in) a year.  The basin is low to moderate 
elevation and primarily sees rain. Basin orientation 
favors a south and southwesterly atmospheric 
flow, optimum for AR orographic enhancement, 
especially ARs, exhibiting a strong low level jet 
structure and exceptionally large IWV values like 
the storm of Dec. 3, 2008, when nearby Cushman 
reported 333 mm (13.1 in) of non-convective 
rainfall in 24hrs.  Basin flow is considered very 
“flashy” due to intense rain and quick 
concentration of runoff.  
 
 

Wynoochee River, near Montesano peak flows and AR events
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Figure 3: USGS Wynoochee River, near 
Montesano. All major flooding resulted from 
intersecting ARs, WY 1998-2007. USGS gage 
12189500 Wynoochee River, near Montesano. 
 

 
     Figure 3 shows all but two annual high flows 
were designated AR events. The large flood of 
Dec. 1999 was a rare >3 cm water vapor event 
and pushed the flows into record territory. The 
Oct. 20, 2003 event is extraordinary as it was a 
completely pure AR flood event with no secondary 
flood factors. There are additional details on the 
Oct 2003 AR event contained in the Skagit River 
section. This major event was considered very 
early in the flood season, with absolutely no 
snowpack, very low stream conditions prior to the 
event, with a record dry period of almost 6 months 
preceding that flood in Western Washington, 
hence very dry soil conditions. 
     Two exceptions to AR matches were the very 
low peak annual flow for water year 2001 with few 
AR events in the data set. The day preceding the 
January 5th 2001 event, an AR, which did not 
meet the full criteria for inclusion in the data set, 
was observed on the morning composite image of 
the SSM/I satellite imagery. The reason for the 
Dec. 17, 2001 event was unclear. It came after of 
a string of wet weather and may have been a 
weak AR event, which did not meet the identified 
>2cm minimum water vapor criteria. 
 
 
2.4. Skagit River Basin 
 
 
     The Skagit Basin is a major river basin in the 
North Cascades of Washington state. The Corps 
of Engineers directs operations at Ross* and 
Upper Baker* dams on the Skagit system during 
flood events to manage flood risk on the Skagit 
River. Flood control storage space is kept 
available during the flood season. The dam and 
levee system assist in flood risk management for 
thousands of people and more than $1 billion in 
infrastructure, downstream. The basin has several 
branches, and extends high into the Cascades. 
The Skagit Basin appears to be oriented to 
maximize rainfall intensity runoff with a southwest 
flow, ideal for an AR event. The Sauk River is a 
major unregulated tributary and was used for high 
flow dates and values. The Sauk is thought to 
typically contribute 40-60% of the unregulated 
Skagit basin flow. 
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Skagit Basin, peak Sauk River flows and AR Events
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Figure 4:  Unregulated Sauk River, Skagit Basin. 
Peak flows are strongly influenced by ARs.  USGS 
gage 12189500, Sauk River, near Sauk, WA. 
 

 
     Figure 4 shows all annual peaks were AR 
driven, except one. The exception was water year 
2001, which produced the least AR events in the 
data set, with very low flows all winter.  The 
January 8, 2002, January 26, 2003 and the Dec 
11, 2004 are all events with > 3cm integrated 
water vapor values (IWV). These were high flows 
for the water year, but not the largest floods in the 
study.  This suggests there are other important AR 
rainfall factors, besides IWV, including the exact 
position of the narrow AR, stalling, basin 
characteristics and storm dynamics.    
     Two major Skagit AR floods deserve further 
discussion. The event on October 15- 21, 2003 
was extraordinary in many ways. It was a pure AR 
with no favorable antecedent flood conditions and 
lasted for six days.  The Sauk gage had the flood 
of record on October 21, with records dating back 
to 1929. This major event was considered very 
early in the flood season causing the AR flow to 
set up over warmer sea surface temperatures. 
There was very little or no Cascade snow pack. 
There had been a preceding record six month dry 
period, with low soil moistures and very low 
stream flows. This event seemed to have the 
dynamics of a winter event with moist flow 
patterns of a summer AR event. There was a one-
two punch, as the first part of the event primed the 
second part of the event, which later produced the 
peak flow on Oct 21st.  The initial rainfall was 
greater, but the succeeding rainfall had higher 
intensity and resulted in flooding. Seattle had an 
all time 24 hour rainfall total of 128 mm (5.02 in) 
on Oct 20th shattering the previous record of 

87mm (3.41 in) of Nov.20th 1959. The Sauk had a 
record inflow to the main stem Skagit River of 
3002 cubic meters per second.  
 
     The second major event is the November 06, 
2006 storm (Neiman et al. 2008). An AR 
hammered the central and north Cascades, but 
eventually settled over the over the central and 
south Cascades of Western Washington. The very 
intense rain on Nov. 6 moved slightly south from 
the Skagit Basin, then stalled. That produced the 
flood of record on the nearby Skykomish River, 
Carbon and Puyallup rivers. Post storm analysis 
strongly suggest if the intense part of that storm 
had not moved slightly south out of the Skagit 
River basin, the resulting river flow may have 
produced a catastrophic flood.  
 
    
3. SUMMARY AND CONCLUSIONS  
 
 
     The data set of land falling atmospheric rivers, 
from WY 1998 to 2006, provided a foundation of 
dates for comparison with known floods and 
annual peak flows for three river basins in 
Western Washington. It appears virtually all major 
floods in Western Washington are associated with 
storms containing atmospheric rivers with > 2cm 
integrated water vapor. The cases which did not 
match either had minor runoff or would be 
considered marginal flood events. 
     No major cases of flooding were found, which 
were not driven by an AR event. It should be 
noted not all ARs cause floods in all basins, but 
are selective with basin orientation and location. 
The Oct 2003 event strongly suggests an AR can 
cause a major flood flow without the classic 
antecedent flood conditions. An AR can be a 
singular sufficient condition for a major flood, i.e. a 
major flood with no snow pack, low pre-existing 
flows, dry soil conditions. Also, not all ARs cause 
major floods, since they may lack the intensity 
usually associated with a low level jet for 
enhanced orographic precipitation, may move 
through too quickly or miss a direct hit on a 
particular basin. The narrowness of ARs should 
be noted and appreciated. 
     A robust AR pattern should alert forecasters to 
the greatly increased potential for major flooding. 
Future studies should examine stalling, areas of 
rainfall rate maxima, interaction with terrain and 
precise identification of incoming AR patterns and 
vulnerable river basins. In addition, future studies 
should examine how AR events occasionally 
spread rain, resulting in flooding east of the 
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Cascades. A better understanding of AR events 
will help forecasters and the public in 
communicating confidence for prediction of future 
flood events as well as a benchmark for 
comparison of past events. 
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