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1.  Introduction 

Wildfires in California have been especially destructive in recent years (e.g., Keeley et al. 2009; Guzman-
Morales et al. 2016; Mass and Owens 2019).  Many of the most destructive fires have occurred in association 
with strong low-level, offshore, downslope synoptic wind events that occur during or soon after the end of the 
dry season (September-December).  In southern California, especially coastal southern California, these 
offshore wind events are commonly referred to as Santa Ana events (e.g., Raphael 2003; Rolinski et al. 2019).  
In other parts of California and western North America, dynamically similar offshore downslope wind events 
may be given different names (e.g., Diablo winds in and near the San Francisco region; cf. Blier 1998).  These 
wind events are forced by pressure gradient forces directed away from a low-level region of high pressure over 
or near the Great Basin and are most common in October-March (e.g., Raphael 2003; Rolinski et al. 2019).   

Santa Ana (SA) events typically last one to five days, but can last ten days or more (e.g., Raphael 2003; 
Rolinski et al. 2019).  SA winds increase the risk of serious wildfires, especially if they occur during or soon 
after the end of the summer dry season in the western US.  The wildfires can, in turn lead to major societal 
disruptions (e.g., loss or lives and property, evacuations, closings of schools and businesses, electric power 
outages; e.g., Westerling et al. 2004; Keeley et al. 2009; Mass and Owens 2019). 

We have conducted a preliminary investigation of how SA events are related to global scale, subseasonal 
to seasonal (S2S) processes.  Our initial focus has been on characterizing and analyzing the global scale S2S 
anomalies associated with the development of SA events, as opposed to the synoptic to mesoscale focus of 
many prior studies of SA events (e.g., Raphael 2003; Mass and Owens 2019).  Our initial results indicate that: 
(a) global scale S2S processes are important in initiating SA events; and (b) variables associated with these 
processes may be useful predictors of SA favorable conditions at S2S lead times.  The ability to skillfully predict 
these conditions could potentially improve the preparation for, and responses to, SA events.  Jones et al. (2010) 
and Rolinski et al. (2019) discussed approaches to forecasting of SA events, but found low skill at S2S lead 
times (greater than about a week).   

Our primary research questions were:  
1. How are SA conditions over southern California (and dynamically related events over western North 

America) related to global scale climate variations? 
2. What processes set up these conditions over southern California and western North America? 
3. Can climate variation information be used to improve the understanding and prediction of these events? 
4. What is the potential for skillful S2S prediction of these events? 
5. What can we learn from these events about related S2S variations in western North America (e.g., 

dynamically related temperature and precipitation anomalies in Alaska and the Great Plains)? 

2.  Data and methods 

Our study region was global, especially the global tropics and extratropical northern hemisphere, but with 
a focus on western North America and especially southern California.  Our study period was October-March 
1974-2019, with a focus on November 1974-2018.  We chose November as a focus month because: (a) 
November occurs after the dry season and, typically, before the start of substantial wet season precipitation in 
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the western US; and (b) a number of major wildfires associated with SA events have occurred in November 
(e.g., the Camp Fire and Woolsey Fire in November 2018; e.g., Cappucci 2018).  

Our main variables and data sets were:  

1. Daily and monthly mean atmospheric circulation variables and SST from the R1 and CFSR reanalysis 
data sets (Kalnay et al. 1996; Saha et al. 2010) 

2. Bimonthly El Niño, La Nina, and neutral (non-El Niño and non-La Niña) information from the 
Multivariate El Niño Index (MEI) data set interpolated to monthly means (Wolter and Timlin 2011) 

3. Daily mean Madden-Julian Oscillation (MJO) information obtained from the Bureau of Meteorology 
(Wheeler and Hendon 2004) 

 From the R1 and CFSR data, we created an index of SA events based on the area-averaged 850 hPa zonal 
wind (u850) over coastal southern California.  This region extends from Santa Barbara to San Diego and 
includes both ocean and land.  We used u850 for our SA index based on prior studies that indicate that the zonal 
wind is a good indicator of the occurrence of SA conditions (e.g., Guzman-Morales 2016), and because the 
winds at 850 hPa facilitate the identification of periods of offshore flow in both low lying terrain (e.g., over the 
ocean) and elevated terrain (e.g., the coastal mountains of southern California).  We identified SA events as 
periods in which the area-averaged, three-day running mean value of u850 in the southern California region 
was negative.  The dates, numbers, and durations of the SA events that we identified using this method are very 
similar to those found in other studies using different methods for identifying SA events (e.g., Raphael 2003; 
Jones et al. 2010; Guzman-Morales 2016).  

We analyzed the anomalies for several variables for the SA dates that we identified, and 45 days before and 
after those dates.  Our focus was on tropical and extratropical anomalous 850 and 200 hPa geopotential heights 
(ZA850 and ZA200) and tropical outgoing longwave radiation (OLRA).  In particular, we analyzed the five-
day mean anomalies for: (a) individual SA events in November 1974-2018; and (b) composites of multiple SA 
events in November 1974-2018.  The composites represented different numbers of events, depending on the 
conditions we applied in the selection of the events.  These conditions represented, for example the: (a) intensity 
and duration of the SA events; and (b) occurrence, phase, and intensity of climate variations (e.g., El Niño-La 
Niña, MJO).  

We used the resulting anomaly patterns to identify: (a) the temporal evolution of global scale anomalies 
associated with SA events; (b) teleconnections associated with SA events; and (c) precursors and potential 
predictors of SA events.   

In this article, we focus on our results for SA events 
occurring in November.  But these results are representative of 
our results for SA events in other months and for dynamically 
similar events in other parts of western North America. 

3.  Results 

Figure 1 shows ZA850 for a major SA event in late 
October 2003 that contributed to several very destructive 
wildfires in southern California (e.g., Westerling et al. 2004).  
The schematic black arrows in Figure 1 represent the 
corresponding wind anomalies.  The positive ZA850 over 
western North America and offshore wind anomalies over 
southern California and much of the western US are typical of 
SA events, as are onshore wind anomalies over coastal British 
Columbia and southern Alaska. 

Figure 2 shows ZA200 for the late October 2003 SA event, 
and for two other SA events in mid-November 2008 and early 
December 2017 that were also associated with major wildfires 
in southern California (e.g., Keeley et al. 2009; Guzman-

Fig. 1  Geopotential height anomalies at 850 hPa 
(ZA850) for 23-27 October 2003, a period in 
which  during a major Santa Ana event and 
multiple wildfires occurred in southern 
California.  The black arrows schematically 
indicate the associated wind anomalies at 
850 hPa. 

 



SCIENCE AND TECHNOLOGY INFUSION CLIMATE BULLETIN 
 

 

122 

Morales 2016).  Figure 3 shows ZA200 for a 
composite of the upper tercile of November SA 
events during the study period based on the 
magnitude of the u850 winds in coastal southern 
California (i.e., the tercile with most offshore u850 
winds).  In all of the cases shown in Figures 2-3, 
there is: (a) a positive anomaly over western North 
America centered between 45-55 north latitude; and 
(b) an approximately zonal pattern of alternating 
positive and negative anomalies extending around 
the northern hemisphere extratropics (at about 20-
70 north latitude).  This zonal pattern of alternating 
positive and negative anomalies shown in Figures 
2-3 indicates an anomalous planetary wave train 
with a zonal wave number 4-5 structure, with the 
strongest anomalies in the East Asia - North Pacific 
- North America region.  

Figure 4 shows ZA200 for all days of the six 
Novembers with the greatest SA activity (the 
largest number of SA days), which were November 
1976, 1980, 1989, 1992, and 2007.   Note that the 
anomaly patterns are similar to those in Figures 2-
3, although the anomalies are less pronounced over 
South Asia and there is more arcing in the wave 
train over the North Pacific and North America. 

Animations of the ZA200 anomalies 45 days 
before and after individual and composite SA 
events in southern California (not shown) reveal 
that the anomalous wave trains shown in Figures 2-
4 tend to: (a) develop as quasi-stationary wave 
trains that are first evident over South and East Asia 
two to four weeks prior to the SA events; and (b) 
then become more evident successively further to 
the east via eastward energy propagation into the 
North Pacific, North America, and North Atlantic. 

These results indicate that SA events tend to be 
part of a global scale pattern of S2S anomalies that 
originates in the South Asia - East Asia sector 
several weeks prior to the SA events.  These 
anomalies suggest that SA events are generated, at 
least in part, by anomalous wave train activity that 
teleconnects Asia to western North America.  The 
MJO, and associated wave trains and 
teleconnections, have been identified as important 
factors in generating other types of anomalous 
conditions in western North America (e.g., 
temperature and precipitation anomalies), with the western North American anomalies lagging the initiating 
MJO conditions by two or more weeks (e.g., Higgins et al. 2000; Mundhenk et al. 2018).   

This led us to investigate the MJO activity occurring several weeks prior to SA events.  Figure 5 shows the 
November composite ZA200 for 20 days after MJO phase 2.  In this phase, the convective component of the 

Fig. 2  Geopotential height anomalies at 200 hPa (ZA200) 
for 23-27 October 2003, 15-19 November 2008, and 04-
11 December 2017.  In each period, a major Santa Ana 
event and multiple wildfires occurred in southern 
California. 

 

Fig. 3  Geopotential height anomalies at 200 hPa (ZA200) 
composited for the strongest Santa Ana events in 
southern California in November (the uppermost tercile 
of Santa Ana events). 
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MJO occurs in the central tropical Indian Ocean and 
the convective component occurs in the tropical 
western Pacific (e.g., Madden and Julian 1994).  
Note in Figure 5 the zonally oriented anomalous 
wave train with zonal wave number 4-5 structure in 
the northern midlatitudes, with a positive anomaly 
over western North America, similar to the 
composite ZA200 patterns based on SA events (see 
Figures 2-4 and the corresponding text).  

Animations (not shown) of ZA200 based on 
phase 2 based composites (such as the composite in 
Figure 5) reveal an evolution of the extratropical 
anomalous wave train that is similar to that for the 
ZA200 composite based on SA events (such as that 
shown in Figure 3).  These results indicate that MJO 
phase 2 may be an important factor in initiating SA 
events.  Other results (not shown) indicate that 
phases 8, 1, and 3 (phases with anomalies that are 
similar to phase 2) may also contribute to the 
initiation of SA events.   

Prior studies (e.g., Raphael and Finley 2007; 
Guzman-Morales 2016; Rolinksi et al. 2019) have 
investigated the associations between El Niño, La 
Niña, and SA events.  We found that El Niño and 
La Niña can alter the global scale anomaly patterns 
associated with SA events and with MJO phases 8-
1-2-3.  As an example, Figure 6a (6b) shows the 
November composite ZA200 for 20 days after MJO 
phase 2, similar to Figure 5, but with only neutral 
and El Niño (La Niña) days included in the 
composite.  That is, La Niña (El Niño) days were 
excluded from the compositing for Figure 6a (6b).  
A comparison of Figures 5 and 6 indicates that El 
Niño and La Niña events can alter how MJO sets up 
SA conditions over western North America.  In 
particular, these events can alter the overall 
extratropical anomalous wave train associated with 
MJO phase 2, including the location and orientation 
of the positive anomaly over western North 
America and, thereby alter the corresponding wind 
anomalies over southern California.  
4.  Conclusions 

Our results indicate that SA favorable 
conditions in southern California (and related 
events elsewhere in the western US) are part of 
anomalous global S2S processes.  The MJO, 
especially phase 1, 2, and 3, appears to be important 
in initiating these processes at lead times of several 
weeks.  El Niño and La Niña may be important in 
modifying how MJO initiates SA favorable 

Fig. 4.  Geopotential height anomalies at 200 hPa (ZA200) 
composited for the six Novembers with the most Santa 
Ana activity in southern California. 

 

Fig. 5.  Geopotential height anomalies at 200 hPa (ZA200) 
composited for all November days occurring 20 days 
after MJO phase 2. 

Fig. 6.  Geopotential height anomalies at 200 hPa (ZA200) 
composited for November days occurring 20 days after 
MJO phase 2 but with: (a) only neutral and El Nino 
days included (upper panel); (b) only neutral and La 
Nina days included (lower panel). 
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conditions.  The lead times associated with the process that create SA favorable conditions suggest that skillful 
S2S forecasting of these conditions may be possible.  However, such forecasting would likely be complicated 
by the multiple processes that affect the setup of the extratropical anomalies associated with SA favorable 
conditions (e.g., other climate variations, such as the Indian Ocean Dipole and the Arctic Oscillation; the 
extratropical background flow and other extratropical dynamic factors that help determine the wave train 
response to climate variations; e.g., Sardeshmukh and Hoskins 1988).    

The global scale pattern of anomalies that are favorable for SA conditions in southern California are also 
favorable for substantial anomalies in other variables and/or other locations.  These include, for example, 
offshore wind anomalies over much of California and Oregon, and onshore wind anomalies and positive low-
level temperature anomalies over southern Alaska.  More generally, our initial results show that SA favorable 
anomalies tend to be part of a pattern of anomalous tropospheric ridging occurring over much of western North 
America.  These larger scale anomalies support a wide range of anomalies that tend to extend from Alaska to 
northern Mexico and from the eastern North Pacific to central North America (cf. Swain et al. 2017).  These 
preliminary findings suggest that improved understanding of the processes that generate anomalous ridging 
over western North America may contribute to a better understanding and prediction of SA events plus a wide 
range of related anomalies. 
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