
• I’d like to thank Gary for inviting me give a presentation at this year’s symposium.  I’d 
also like to acknowledge my colleague Ben Moore as well as all of the engineers in the 
Physical Sciences Laboratory who have professionally operated and maintained the 
instrumentation that has provided the observational data that I will use in some of my 
slides today.
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• First we will investigate the large-scale atmospheric patterns that cause extreme 
precipitation to occur in California.  These patterns are established upstream of 
California over the Pacific, so this topic will be illustrated using model reanalysis 
products.

• Then we will describe how atmospheric rivers interact with topography at the coast and 
in the Sierra Nevada mostly using surface and upper-air observations.

• Lastly, we’ll look at Water Year 2017 and the extreme precipitation event that occurred 
in early February 2017, which led to the Oroville Dam flood mitigation crisis.  Here we’ll 
use a combination of reanalysis products and observations.

• We’ll end with a summary and a couple of endnotes. 
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• Atmospheric Rivers (or ARs to be brief) are long, narrow regions of enhanced water 
vapor transport mostly in the midlatitudes.  The daily composite satellite image of 
integrated water vapor shown in the upper center part of the this slide exhibits a 
typical day with multiple ARs.

• On the left, Dettinger and colleagues showed that ARs are responsible for delivering 25 
to 45 percent of the annual precipitation in the West Coast states.  Much of this 
precipitation is extremely useful for water supply.

• However, when ARs happen too frequently or when prolonged AR events occur, 
flooding often ensues.

• For example, for the map with the red dots, Corringham and colleagues showed that 
from 1978 to 2017, ARs were responsible for 84% of all insured flood losses in 11 
western states.

• Atmospheric Rivers are warm and wet.  Stronger ARs with larger integrated water vapor 
are associated with higher snow levels and heavier precipitation.  The plot in the upper 
right indicates that integrated water vapor and the snow level are well correlated.  In 
the mountains, higher snow levels mean that more area is exposed to rain versus snow, 
creating greater runoff and increasing the likelihood of flooding.
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• These are maps of the Pacific basin on two days when there were atmospheric patterns 
that caused atmospheric rivers to form, which eventually made landfall in California.

• The model output are from the European Center for Medium-Range Weather 
Forecasting ERA5 reanalysis

• Sea-level pressure is indicated by the black contours, and IVT is indicated by the color 
contours.

• Selected potential vorticity contours are indicated by thick red and blue lines to 
represent the polar and subtropical jet streams.

• On the left is a case from Feb 2017 where there was a blocking ridge over the northern 
Pacific.  There is a wavy jet-stream pattern with repeated low pressure developments 
down stream of the block.

• On the right is the case from Jan 1983 with a more zonal jet pattern with Low pressure 
parked near the Aleutian Islands off the coast of Alaska.

• Both of these patterns can cause extreme precipitation in California.
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• To investigate these flow patterns, Moore et al. identified events in the NOAA/CPC 
gridded precipitation analyses lasting at least three days with precipitation exceeding 
the climatological 95th percentile.

• Cluster analysis was performed on the leading two Empirical Orthogonal Functions of 
the 500-hPA geopotential height anomalies from the ERA-Interim reanalysis for the 
events.

• Out of these two EOFs, four distinct clusters/patterns were identified.
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• In all four of these panels, the 500-hPa geopotential heights are shown by black 
contours and the height anomalies are shown by the shading, with low height anomalies 
in blue, and high height anomalies in red.  These are 5-day mean composite maps 
(remember the precipitation events had to last at least three days).

• Two of the clusters fall into the zonal jet pattern with large negative 500-hPa height 
anomalies over the Eastern Pacific, which is favorable for cyclone development.

• A zonally oriented jet stream extends across the North Pacific to the U.S. West Coast.  
Sometimes this pattern is referred to as a racetrack because shorter event storms can 
occur every few days under this scenario.

• The other two clusters fall into the blocking pattern with a more pronounced dipole of 
low and high height anomalies.

• Cluster 4 is recognizable as the classic Omega block because the height contours are in 
the shape of the Greek letter.

• Upper level troughs form on the eastern flank of the blocking ridges.
• These patterns can exist for several days and can result in prolonged storminess.
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• Similarly 5-day mean composites except now the 500-hPa geopotential heights are in 
gray contours, cyclone frequency is in the thick black contours, integrated vapor 
transport anomalies are in the colored contours, IVT vectors are shown by the arrows.

• For the zonal jet patterns, cyclone frequencies are maximized over the Gulf of Alaska.
• ARs on the southern flank of cyclone circulations make landfall in California.
• In the blocking patterns, cyclones develop off U.S. West coat in association with 

amplifying upper level troughs.
• In cluster 4, storm track extends across the North Pacific south of the blocking ridge.
• Again, ARs on the southern flank of the cyclones make landfall in California. 
Cyclones identified according to the method of Wernli and Schwierz (2006). 
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• ARs are beneficial for water supply, but when they stall or occur in rapid succession, they 
can cause hazards due to flooding and debris flows.  

• Ralph et al. devised an AR severity index, shown by the colored chart, which takes into 
account the strength of the AR, measured by the integrated vapor transport or IVT, and 
the duration of the AR in a particular location. 

• The most severe ARs, indicated by the red shading in the upper right hand corner of the 
chart, are the ones with the greatest IVT and that last the longest.
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• The map on the left is a climatology of precipitation from 1961-1990 assembled by Daly 
et al.  Warm colors represent less precipitation and the cooler colors represent greater 
precipitation.

• It resembles a map of surface elevation because the mountain areas in the Western U.S. 
are where the most precipitation occurs.

• One of the earliest results from the CalJet project is illustrated in the upper right.
• We had an observing couplet along the coast in Sonoma County, with a wind profiler at 

Bodega Bay and a rain gauge at Cazadero, near the ridge of the coastal mountains.
• Neiman et al calculated and displayed the correlation between upslope component flow 

determined from hourly wind profiles and rain rate at the mountain site and showed 
that these variables were well correlated.

• In addition, that correlation profile peaked at an altitude close to mountain top and at 
roughly the same altitude of the peak in wind speed associated with the low-level jet 
measured offshore with the NOAA P-3 aircraft.

• This low-level jet is a ubiquitous feature of ARs caused by the convergence and 
confluence of air along the warm side of the polar cold front.

• Later, Neiman et al. used data collected during four wet seasons to compare integrated 
water vapor measured with GPS to upslope flow as a function of rain rate illustrated by 
the colored dots in the lower right plot.

• To get the heaviest rain rates, in this case 10 mm/hr, as shown by the black dots, you 
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exclusively need 12.5 m/s of upslope flow and 2 cm of integrated water vapor.
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• When eastward directed flow encounters the Sierra Nevada, it gets deflected northward 
due to the Coriolis force.

• This was first illustrated by Parish, who used aircraft observations to map out the 
windward slope jet structure.

• Neiman later demonstrated that a wind profiler could amply map out this structure in 
detail and over time.  Here the hourly wind profiles are indicated with conventional wind 
barbs and the terrain parallel component of the winds are indicated by the contours.
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• The schematic to the left illustrates how moist neutral atmospheric river flow overrides 
the more stable Sierra Barrier Jet, which helps to lift the atmospheric river flow ahead of 
the terrain.  

• How deep and how far out into the Central Valley the Sierra Barrier Jet exists helps to 
determine where up the slope the maximum orographic enhancement will occur.

• The middle panel map illustrates how unimpeded atmospheric river flow enters through 
the San Francisco Bay Area gap in terrain and interacts with the Sierra Barrier Jet to 
enhance orographic precipitation

• Shown on the right is a repeat of the coastal orographic rain study by Neiman et al. 
except this study was done for the Sierra Nevada.  It also included the impact of 
integrated water vapor by combining upslope wind and water vapor to calculate the 
hourly upslope integrated water vapor flux and correlating that variable with mountain 
precipitation.

• The upslope water vapor flux is even more strongly correlated with the observed 
mountain precipitation than upslope wind by itself, as indicated by the analysis in the 
lower right for three different observing couplets and compared to the earlier results by 
Neiman et al.
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• Many of these observational results were the result of the Hydrometeorology Testbed 
and related field programs such as CalJet and later CalWater.

• In 2008, the California Dept. of Water Resources began working with NOAA to develop a 
more permanent observing system to help meet the State’s water resource and flood 
protection requirements.

• Atmospheric River Observatories are a collection of instruments designed to 
characterize the dynamic and thermodynamic forcings associated with atmospheric 
rivers.  Each observatory includes a wind profiler with a Radio Acoustic Sounding System 
for temperature profiling, a surface meteorology tower, and a GPS receiver to measure 
the amount of water vapor in the atmospheric column above the site.

• Other GPS receivers across the state help determine the amount of water vapor that 
gets transported inland. Many of the these GPS receiver sites existed before the DWR 
project began to detect movement of the earth’s crust to indicate earthquake activity.

• The snow-level radar technology was developed specifically for this project to measure 
the snow level in the atmosphere during precipitation, which determines how much of a 
watershed is going to receive rain versus snow.  Ten of these radars were deployed at 
major reservoirs across California and in places where forecasters at the California-
Nevada River Forecast Center find it challenging to make accurate snow level forecasts.

• Antecedent soil moisture determines how much capacity is available for the ground to 
absorb some of the precipitation from a storm versus what would otherwise become 
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available for runoff.  
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• We now turn our attention do the crisis that occurred with Oroville Dam in February 
2017.  Here is a picture of Oroville Dam as the event was unfolding.  You can see the 
damage to the flood control spillway as basically a large sink hole.  You can also see the 
high level of the reservoir that peaked in a few days after this picture was taken.  The 
location of the snow-level radar is also indicated.
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• On the left are maps of WY2017 precipitation and precipitation percent of normal, based on the 
1981-2010 climatology, from the National Weather Service’s Advanced Hydrologic Prediction 
Service, or AHPS.  The box indicates the domain encompassing the Feather River Basin above 
Oroville Dam, and the plus symbol marks the location of Oroville Dam.

• West of the Rockies, AHPS uses gauges and the Parameter-elevation Regressions on 
Independent Slopes Model or PRISM to provide gridded precipitation.  East of the Rockies, AHPS 
uses radar, gauges, and satellite, and therefore a PRISM correction is not required.

• Large portions of northern California received over 2500 mm, including central and northern 
Sierra, Mt. Shasta region, Trinity Alps, Klamath Mtns, and northern California coast ranges.

• Most of CA received well above normal precipitation, however the southern part of state 
received near normal or slightly below normal precipitation.  Still, WY2017 precipitation was 
enough to fill major reservoirs and end a severe multi-year drought statewide.

• On the right is a plot of the Northern Sierra 8-station index from the California Data Exchange 
Center (part of CA-DWR).  The index is simply an average of precipitation measured by the eight 
gauges shown in the upper left.

• WY2017 was the wettest WY on record for the 8-station index dating back to 1920.
• More than ½ of the WY2017 precipitation fell in January and February, which are the two 

wettest months, climatologically.
• It is interesting to note that the winter of 2016/17 had weak La Nina conditions (MEI -0.583), 

whereas the next two wettest winters in WY1983 and WY1998 (not shown) both had strong El 
Nino conditions (MEI 2.873 and 2.662, respectively).  So we will need a lot more extreme 
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precipitation water years to sort out the impacts of ENSO.  
• Unfortunately, California is in drought again, with the 2020, 2021, and 2022 water years all 

coming in well below average precipitation.
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• Left is an elevation map of the northern Sierra with the Feather River basin indicated by 
the dark grey outline.  

• The locations of Calif. Dept. of Water Resources and cooperative agency precipitation 
gauges are marked with pink dots and three-letter site identifiers, and storm total 
precipitation in mm measured from 00 UTC Feb 2nd to 00 UTC Feb 12th is shown with 
bold numbers.  Arrows highlight the two basin gauges that are in the eight station index, 
the yellow star shows the location of a 915-MHz Doppler wind profiler at Chico, and the 
gray square symbol shows the location of the snow-level radar and GPS receiver at the 
base of Oroville dam.  The white plus symbols indicate locations of snow pillows to 
measure the amount of water in the snowpack or snow-water equivalent.

• Lake Oroville has five major tributaries, four of which flow directly into the reservoir (N. 
Fork, M. Fork, S. Fork, and W. Branch).  The fifth, E. Branch, is a tributary to the N. Fork.

• Much of the basin lies at altitudes where temperatures can be either above or below 
freezing during the winter months.  Thus, streamflow in the basin is highly dependent on 
both temperature and precipitation.

• The precipitation gauges in an altitude band of about 1100-1800 m above Lake Oroville 
received the most precipitation for this Feb storm.  Precip in the East end of the basin is 
rain shadowed by higher terrain to the south.  Precip in the north end of the basin is 
reduced by rainout in the southern part of the basin, especially with southerly flow 
conditions, which occurred for most of this storm.
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• This distribution of precipitation throughout the basin is remarkably similar to the 
climatological distribution of precipitation shown on the right contained in a report 
produced by the U.S. Geological Survey.  Therefore the distribution of precip from this 
Feb. event that led to the flood control crisis was not unusual.

• However the intensity and long duration of the event were important.  Another key 
ingredient was the warm temperatures and high snow levels, which we will see later 
contributed to the excessive runoff into Lake Oroville.
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• Using composite microwave satellite imagery similar to that shown earlier, we counted 
the number of days an Atmospheric River intersected the California Coast.

• WY2017 had 67 days when an AR was present; more than triple the climatological 
average for the last 20 years comprising the satellite data era.

• 16 of those 67 days were in Jan. and Feb. 2017, when the heaviest precipitation 
occurred during the WY.

• Earlier storms in October through December moistened soils to near saturation and, in 
some cases, bolstered the snowpack.
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• From the patterns shown earlier that lead to extreme precipitation, it is clear from 
reanalysis that the Feb. 2017 event was the result of atmospheric blocking.

• The 500-hPa heights shown on the left, along with the height anomalies indicate the 
omega block upstream of the North American continent. 

• This causes the storm track to undercut this massive ridge, which produces anomalous 
IVT along the West Coast of the U.S., as shown on the right.
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• Taking a closer look at conditions in the Feather River Basin, Moore et al. plotted the 
hourly precipitation observed by the rain gauge at Brush Creek in the blue bars, and 
integrated vapor transport at that site from reanalysis with the red line.

• Above they produced reanalysis plots from four different periods indicating the serial 
clustering of low pressure centers and their attendant ARs indicated by the regions of 
enhanced IVT.
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• The 10-day period from 2-12 February 2017 was exceedingly wet and warm and was 
preceded by a wet January.

• The plots show the conditions for a particular time during the stormy period
• The upper left is integrated water vapor measured by satellite
• The upper right is 850-hPa height contours, with equivalent potential temperature in 

color shading.
• The lower left is IVT contours, IVT anomaly in color shading and the lower right is the 

freezing level in contours and the freezing level anomaly in color shading.
• To give you an idea of how extreme this precipitation event was, for three of the 

longest-term precipitation gauges in the Feather River Basin, the 10-day totals were in 
the mid 99th percentile of all 10-day periods in the gauge records.

• Similarly, the time integrated IVT was in the upper 99th percentile of all 10-day periods in 
the Climate Forecast System reanalysis period of record.  
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• Here we will look at how the reservoir changed during this event.  
• The top left panel shows daily precipitation accumulations from the Brush Creek gauge 

with the green bars.  
• Red plus symbols indicate snow levels measured by the snow-level radar at the base of 

Oroville dam.  The blue horizontal line shows the elevation of the average snow level in 
the basin from the Climate Forecast System and the green horizontal dashed lines give 
three basin area elevation levels for 10%, 50%, and 90% of the basin area.

• Snow levels are higher than average, especially for the heaviest precipitation days in 
January and February.  There are also periods with lower than average snow levels, 
especially in late January that bolstered the mid to upper elevation snowpack in the 
basin.

• Bottom panel shows corresponding reservoir inflow with the green curve, reservoir 
outflow with the purple curve, and reservoir storage with the red curve.  The average 
storage in the basin form 1969-2010 is represented by the cyan shading.

• Storage in the reservoir started out in January well below average.  A warm January 
storm changed that situation with an inflow spike and that put storage above average.  
Then the warm storm in early Feb. hit:  inflow spiked again and storage rose rapidly.  At 
the same time outflow was cutoff early on due to the damaged flood control spillway.  
This allowed the reservoir to completely fill and spill over the emergency spillway weir.  
Rapid erosion occurred beneath the weir and the dam structure was threatened, so the 

20



damaged flood control spillway was opened and 100,000 cfs was evacuated from the 
reservoir to return it to safer levels.  188,000 people were evacuated downstream from 
the dam.

• The table illustrates how snowmelt contributed to runoff during the early February storm
• A cold January storm contributed significantly (on average 80.2 cm) to the snowpack in 

the basin before the warm February storm began.
• If all of the lost snow-water equivalent or SWE was converted to runoff, then runoff from 

the early Feb. storm would be increased by 21% on average across the basin.
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• Here, I’ll give a plug for Grady Hillhouse and his very informative You Tube videos on the 
less than perfect engineering that contributed to the devastating destruction of the 
flood control spillway and the massive recovery effort that took place after the disaster. 

• They are each about 20-min. long and packed with information.
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Left figure shows a real-time snow-level verification product for the High Resolution Rapid 
Refresh or HRRR model.  The HRRR is an operational mesoscale model in the U.S. with 3 km 
resolution.  The top panel shows how well the HRRR forecasts verified over the previous 
four days.  The different colors show 5 different model initiailization times and the black 
dots show observations.  The second panel shows forecasts for the next 18 hours from the 
current time with colors again showing different initialization times.  The bottom five 
panels show verification over the past year for different forecast verification times.  Black 
dashed line is for 1 to 1 correlation and the red line is the result of linear regression.  All in 
all the HRRR did quite well for this event, although it did underestimate the highest snow 
levels observed.  The right panel shows an eight-year history of snow level observations in 
Jan. and Feb. at the Oroville Dam since the radar was installed.  The black solid line shows 
the climatological snow level based on NOAA’s Climate Forecast System’s 1979-2010 
climatology.  The dashed black lines are the monthly mean snow level for the eight years 
listed in the key.  The dashed red lines are the monthly mean snow levels for Jan and Feb 
2017.  The eight year monthly means are higher than climatology by about 200 m.  The 
2017 Jan. monthly mean is very close to climatology but the 2017 Feb. mean is about 500 
m above climatology.  The high snow levels in the early Feb. strom were not unusual based 
on the last eight years, but it was the persistent high snow levels over several days and the 
heavy precipitation that caused excessive inflow into the reservoir.  The 10-day event 
integrated vapor transport or the fuel for precipitation and the precipitation itself were in 
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the 99.8th and 99.5th percentiles, respectively, of the long-term climatology.
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This figure summarizes how the operational numerical weather prediction (NWP) forecasts 
performed for the event.
• Light blue lines are members of the U.S. National Centers for Environmental Prediction 

Global Forecast System or GFS Ensemble: solid blue line is the control run; dashed blue 
line is the ensemble mean

• Light yellow lines are members of the European Center for Medium-range Weather 
Forecasts or ECMWF Integrated Forecast System Ensemble: solid red line is the control 
run; dashed red line is the ensemble mean

• Green line is the forecast from the NWS Weather Prediction Center or WPC.
• Black line is observed precipitation (Stage-IV product produced by River Forecast Centers 

using radar and gauges)
• Initially spread in European ensemble is much more dispersive than the GFS ensemble
• Both models control run and ensemble mean under predict the heavy precipitation that 

was observed.
• Both models and WPC get closer to the observed precipitation with shorter (< 5 day) 

lead times.
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• This slide shows verification plots for 24-h accumulated precipitation forecasts produced 
by the California-Nevada River Forecast Center three days in advance of the verification 
time.  Precipitation is measured in inches.

• Gray shading indicates the forecast domain and the white plus symbol shows the 
location of Lake Oroville.

• Color shading indicates areas where precipitation was under forecast with warm colors 
and over forecast with cool colors.

• Remembering that the sweet spot for orographic precipitation in the Feather River Basin 
is just up the slope from Lake Oroville, the precipitation was under forecast for all four 
periods during these four days in the heart of the 10-day storm.

28



• Using the radar wind profiler at Chico, panel (a) shows wind speed and direction in the 
controlling layer, the altitude range where the correlation between upslope wind and 
precipitation is the greatest.  This makes upper wind measurements necessary because 
closer to the surface, wind speed and direction are influenced by surface friction and 
local terrain features.  Because the direction is nearly southerly, we will take the upslope 
wind to be the meridional wind.  

• Panel (b) plots the meridional wind speed in the controlling layer and the integrated 
water vapor from the GPS receiver at Oroville.

• Multiplying the meridional wind by the water vapor gives the meridional integrated 
water vapor flux, which is plotted in panel (c)

• Panel (d) plots the hourly precipitation accumulation in green bars and the storm total 
accumulation with the purple line based on the Four Trees gauge, which is located in the 
orographic sweet spot in the basin.  Note how periods of intense precipitation correlate 
well with enhanced meridional water vapor flux.

• Panels to the right show storm average profiles of equivalent potential temperature and 
relative humidity for the 100 h that it was precipitating.  These profiles were derived 
from NOAA’s High Resolution Rapid Refresh forecast model initialization fields.  The red 
line is for the Chico site in the Central Valley and the black line is for the Four Trees site 
in the Feather River Basin at an elevation of 1570 m.

• At Four trees, near-saturated (>90% RH) conditions existed on average below ~2.5 km 
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and moist-static neutrality or instability was present below ~3 km.
• Thus in the Southwest part of the Feather River Basin, maritime air parcels in the Atmos. 

Rivers became saturated as they were lifted by the terrain and forced into upright 
convective updrafts of sufficient depth to greatly enhance the precipitation.

29


