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ABSTRACT

The failed Southern California (SCAL) winter rains during the 2015/16 strong El Niflo came as a surprise
and a disappointment. Similarities were drawn to very wet winters during several historical strong El Nifio
events, leading to heightened expectations that SCAL’s multiyear drought would abate in 2016. Ensembles of
atmospheric model simulations and coupled model seasonal forecasts are diagnosed to determine both the
potential predictability and actual prediction skill of the failed rains, with a focus on understanding the
striking contrast of SCAL precipitation between the 2016 and 1998 strong El Nifio events. The ensemble mean
of simulations indicates that the December-February 2016 winter dryness was not a response to global
boundary forcings, which instead generated a wet SCAL signal. Nor was the extreme magnitude of observed
1998 wetness entirely reconcilable with a boundary-forced signal, indicating it was not a particularly precise
analog for 2016. Furthermore, model simulations indicate the SCAL 2016 wet signal was 20%-50% less
intense than its simulated 1998 counterpart. Such a weaker signal was captured in November 2015 initialized
seasonal forecasts, indicating dynamical model skill in predicting a less prolific 2016 rainy season and a ca-
pability to forewarn that 2016 would not likely experience the flooding rains of 1998. Analysis of ensemble
spread indicates that 2016 dryness was an extreme climate event having less than 5% likelihood in the
presence of 2016 global forcings, even though its probability of occurrence was 3—4 times greater in 2016
compared to 1998. Therefore, the failed seasonal rains themselves are argued to be primarily a symptom of
subseasonal variability unrelated to boundary forcings whose predictability remains to be explored.

1. Introduction impacts included excess groundwater pumping to irrigate
existing agricultural fields, hundreds of thousands of acres
remaining fallow nevertheless, and the most severe wildfire
season on record for the United States in 2015 (NOAA
2017). During the summer and fall of 2015, this excessive
dryness set the stage for a highly anticipated winter rainy
Corresponding author: Dr. Tao Zhang, tao.zhang@noaa.gov season in Southern California (SCAL).

Drought conditions developed in California during 2011/
12, gradually worsening to reach exceptional severity by
2015 (Diaz and Wahl 2015; Seager et al. 2015). Widespread

DOI: 10.1175/JCLI-D-17-0396.1

© 2018 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).


mailto:tao.zhang@noaa.gov
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

556

Merced, CA

= 1200 | | | | | |
£ ] i 1 ! ! [ i :
c ] . | i 1 | | F
S 900 F------- N - -~ ---- Fe=====q======1 - E
.(E : ' i " " ' ' :
a ] L
(5] 4 .
L 600 — -
o ] T
el - L
e ] C
5 a0 - 2
€ b C
3 b |-
8 ] . I | | | r
< 0 \ f T T T T

ocT NOV DEC JAN FEB MAR APR

Santa Barbara, CA

£ 1200 | | | | | |
£ i 1 : : [ i F
P r
S F
s E
= E
(5] =
9] C
a r
el L
[9] .
= r
3 -
E |-
E r
8 . ] | | | | r
< 0 1 T T T T T

ocT NOV DEC JAN FEB MAR APR

Riverside, CA

£ 1200 | | | | | |
£ ] i 1 : : [ i F
c b E
O 900 oo - e - - - C
i) ] £
g ] L
o | =
I e e =
o | L
° 4 T
o] ] C
< 300 E
£ ] r
3 b |-
8 ] | | Y g I i £
< 0 T I T T T T

ocT NOV DEC JAN FEB MAR APR

B 2015-16 B 1997-98 1 1901-2015 Average

FI1G. 1. Daily time series of observed cumulative precipitation for
three California stations that transect the SCAL region used in this
study: Merced (37°N, 120°W), Santa Barbara (34°N, 120°W), and
Riverside (34°N, 117°W). Red (blue) curves show traces for 1997/
98 (2015/16), while the gray band shows the 1901-2015 daily cli-
matology. This study focuses on the DJF (indicated by the blue
shaded box) seasonal average conditions, during which the vast
majority of water-year precipitation accumulates.

By late summer 2015, a major El Nifio event was un-
der way, and was expected to peak at ‘“‘super El Nifio”
levels as per NOAA’s “ENSO diagnostic discussion”
(NOAA 2015), similar to the 1997/98 event and with
potentially similar impacts (Changnon 1999). That
winter had been exceptionally wet in SCAL (Fig. 1, red
lines), as were the rainy seasons of the previous two
super Nifno events of 1877/78 and 1982/83 (Kiladis and
Diaz 1986), raising hopes that drought relief would be
forthcoming. Those expectations were somewhat tem-
pered by the fact that Ropelewski and Halpert (1986)
had not found any general relationship between El
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Nifio and California rainfall in their historical analysis,
whereas subsequent more detailed work by Schonher
and Nicholson (1989) as well as Redmond and Koch
(1991) showed good observational linkage between wet
rainy seasons in SCAL and El Nifio. Modeling studies
by Kumar and Hoerling (1998) and more recently
Hoell et al. (2016, and references therein) made the
case that strong El Nifio events had a more reliable wet
impact on SCAL than weaker ones, thereby reconciling
somewhat the various empirical analyses. In this con-
text, the notion that the major El Nifio of 2015/16 could
potentially deliver strong impacts on SCAL was even
touted in media reports claiming it was ‘‘too big to fail”
[e.g., Lin (2015) in the Los Angeles Times]. Un-
fortunately, the observed rainfall totals in December—
February 2015/16 were underwhelming in Southern
California (Fig. 1), adding yet another drought winter
to the now S5-yr tally rather than bringing much
anticipated relief.

What happened in 2016? In this study we address the
2016 boundary forcing impact on SCAL winter pre-
cipitation and specifically address the probability of
occurrence for the observed dry conditions using a large
ensemble of climate simulations. We diagnose Atmo-
spheric Model Intercomparison Project (AMIP) exper-
iments that span a historic period of 1979-2016. The
robustness of our findings is tested by reproducing these
experiments using three model suites.

We also ask why SCAL precipitation in 2016 was so
much lower than in 1998. We especially address
whether the observed very wet condition in 1998
served as a suitable analog to guide expectations for
2016. Was 1998 indeed a reasonable analog, and if not,
why not?

The principal tool for answering these questions is the
AMIP simulations from the NCEP Global Forecast
System, version 2 (GFSv2), the atmospheric component
of the NCEP Climate Forecast System, version 2
(CFSv2). In addition to determining the boundary
forced signal and the internal variability relative to such
signals during strong El Nifio events and 2016 especially,
we also compare the retrospective GFSv2 simulations to
the dynamical seasonal predictions made by the coupled
Climate Forecast System. Our paper is structured as
follows: Section 2 describes both observational and
model datasets used for this study. Section 3 organizes
our results into observational comparisons between
1997/98 and 2015/16 (section 3a), suitability assessment
of the main model used here (section 3b), probability
estimates of the rareness of the 2015/16 precipitation in
Southern California (section 3c), simulated atmospheric
signals for both events in all three model suites (section
3d), and predictability assessment for 2015/16 based on
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operational model output (section 3e). All of the above
are summarized in section 4, in addition to concluding
remarks.

2. Observed and model data

The focus of this study is on December—February
(DJF) precipitation in the North American Southwest,
with particular emphasis on the land area within the
rectangles shown in Fig. 2. The area, bounded by 32°-
37°N, 125°-115°W, referred to hereafter as SCAL, is
almost entirely within Southern California but extends
slightly into Nevada and the Mexican state of Baja
California.

The characteristics of observed precipitation over the
study area are described from analysis of gauge-based
gridded monthly Global Precipitation Climatology
Centre (GPCC) datasets combined version (V7 for the
period 1901 to 2013 and V4 monitoring dataset from
2014 onward; Schneider et al. 2014), available at 1° X 1°
resolution. To explore the possible drivers for SCAL
precipitation, we have also presented a global view of
SST and precipitation fields. The observed SST data,
on a 1° X 1° grid, are from Hurrell et al. (2008). Global
precipitation fields are from the Climate Prediction
Center (CPC) Merged Analysis of Precipitation
(CMAP; Xie and Arkin 1997), available at a 2.5° X 2.5°
resolution. Observed upper-level circulation patterns
are derived from analysis of 200-hPa geopotential height
fields using the National Centers for Environmental
Prediction (NCEP)-National Center for Atmospheric
Research (NCAR) reanalysis data (Kalnay et al. 1996).

To examine the sensitivity of SCAL precipitation to
the global SST forcing during El Nifio events, we pri-
marily utilize a 50-member ensemble of atmospheric
model simulations [available online at the Facility for
Climate Assessments (FACTS) website; see https:/
www.esrl.noaa.gov/psd/repository/alias/facts]. Referred
to as AMIP experiments, the data we use are from the
NCEP GFSv2 (Zhang et al. 2016). The GFSv2 model is
the atmospheric component of the NCEP CFSv2 (Saha
et al. 2014). The GFSv2 model has spectral T126 hori-
zontal resolution with 64 vertical levels and is forced
with specified observed monthly varying SSTs and sea
ice (Hurrell et al. 2008) and carbon dioxide concentra-
tions for 1979-2016. Climatological values are specified
for other greenhouse gases (e.g., CHy, NO,, O3, and
CFCs), aerosols (including volcanic), and solar forcing.

In addition to the 50-member ensemble, a 200-yr cli-
matological run of GFSv2 without interannual vari-
ability in boundary conditions or external radiative
forcing has been conducted using a repeating seasonal
cycle of SSTs and fixed carbon dioxide concentrations.
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The climatological run is used to isolate the role of in-
ternal atmospheric variability on wintertime California
precipitation.

To assess robustness we have also created and ana-
lyzed both a 30-member ensemble of AMIP simulations
from the European Centre for Medium-Range Weather
Forecasts-Hamburg Max Planck Institute for Meteo-
rology Model, version 5.4 (ECHAMS.4; Roeckner et al.
2003), and a 50-member ensemble of AMIP simulations
from the NCAR Community Atmosphere Model
(CAMS; Neale et al. 2012). The ECHAMS model was
run at spectral T159 (~0.75° X ~0.75°) horizontal res-
olution with 31 vertical levels, and the CAMS5 model was
run at an ~1° horizontal resolution with 30 vertical
levels. Specified SST and sea ice conditions used in the
two models are the same, but the time-evolving external
forcings are different. Both models are subjected to
time-evolving greenhouse gas (GHG) and ozone varia-
tions, but only CAMS also includes variations in an-
thropogenic and volcanic aerosols. For observations and
AMIP simulations, anomalies are calculated relative
to a 1981-2010 reference period.

To address the predictability of SCAL rainfall during
2015/16, we examined two ensembles of initialized
coupled model forecasts of the NCEP CFSv2. One set,
comprising 24 members, is referred to as the seasonal
forecast, which is initialized in November (four times
daily on 2,7, 12, 17, 22, and 27 November) and predicts
the subsequent December-February seasonal mean.
The other set, comprising 16 members, is referred to
as the monthly forecast, which is initialized monthly
(four times daily on 12, 17,22, and 27 November; 12, 17,
22, and 27 December; and 11, 16, 21, and 26 January)
and predicts the subsequent months December, Janu-
ary, and February, respectively. We calculate the DJF
means following the same procedure as described in
Zhang et al. (2014). The anomalies of the CFSv2 fore-
casts are calculated based on the 30-yr-long (1982/83
through 2011/12) reference period that spans the refor-
ecast archive. The monthly forecast set will provide an
estimate of the effect of updated initializations of at-
mospheric conditions relative to seasonal forecasts.

3. Results
a. Observed SCAL precipitation and global context

Southern portions of California, Nevada, and Arizona
were anomalously dry during winter 2016, in stark con-
trast to much above normal precipitation that occurred
over the same region during winter 1998 (Fig. 2, left).
For the SCAL region outlined in Fig. 2, the magnitude of
rainfall differences between these strong El Nifio events
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FI1G. 2. Observed DJF (left) precipitation anomalies (% departures) and (right) 200-hPa height
anomalies (contour) overlaid with SST anomalies (shaded) for (top) 2015/16 and (middle) 1997/98
and (bottom) the difference. The period of reference is 1981-2010. Plotted values are percent de-
partures for the SCAL land area bounded by 32°-37°N, 125°-115°W. The contour interval is 15 m;
green (magenta) contours are positive (negative).
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FIG. 3. Observed DJF (left) SST anomalies (°C) and (right) precipitation anomalies (mm day ") for (top) 2015/16
and (middle) 1997/98 and (bottom) the difference. Reference period is 1981-2010.

equaled 168% of the climatological winter normal
(Fig. 2, bottom left).

A less effective atmospheric circulation pattern for
delivering moisture-bearing storms to SCAL was the
immediate cause for the drier 2016 conditions. Shown in
Fig. 2 (right) are 200-hPa height anomalies for the two
winters highlighting the Pacific sector. The classic El
Nifio-related teleconnection pattern (e.g., Horel and
Wallace 1981) is evident during both years consisting of
tropical twin anticyclones and a deepened Aleutian low,
although the latter feature is shifted farther north into
the Gulf of Alaska during 2016. The difference map
(Fig. 2, bottom right) shows the comparatively higher
200-hPa heights across virtually the entire North Pacific

having maximum values between 30° and 40°N in-
dicative of a northward displaced storm track in 2016
compared to 1998. As a consequence, the frequency of
rainy days was much reduced in 2016, as is evident from
the daily rainfall time series at Santa Barbara and Riv-
erside, California (see Fig. 1).

This paper’s central question is whether the striking
contrast in SCAL precipitation between these two
strong El Nifio events was potentially predictable, as-
suming that differences in their SSTs had been accu-
rately forecast. Figure 3 (left) shows the observed global
wintertime SST anomalies for 2016 (top) and 1998
(middle) and their difference (bottom). The globally
averaged SSTs were 0.18°C warmer in 2016 winter
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TABLE 1. DJF El Nifio indices for 2015/16 compared to 1997/98.
All indices are based on a 1981-2010 climatological reference
period.

SST index (°C)

El Nifo

events Nifio-4 Nifio-3.4 Nifio-3 Nifio-1+2
1997/98 0.8 24 3.1 3.6
2015/16 1.5 2.6 2.5 14

compared to 1998, although with distinct regional
structures. For instance, the SST difference over the
Indian Ocean consists of a zonal dipole pattern re-
sembling the well-known dipole mode that prevailed
during 1998 (Saji et al. 1999) but was absent in 2016. The
tropical Pacific SST difference reflects a zonal pattern
that is mostly due to different El Nifio flavors in 2016
versus 1998: a stronger warming of the central basin
and a weaker warming of the far eastern Pacific in 2016 is
indicative of a more central Pacific (CP) than an eastern
Pacific (EP) event (e.g., Wang and Weisberg 2000; Kug
et al. 2009).

Table 1 compares various El Nifio SST indices during
2016 and 1998 winters. The widely used Nifio-3.4 region
for monitoring El Nifio indicates very similar SST de-
partures for the two cases, of approximately 2.5°C. The
principal difference is that Niflo-4 warming was nearly
twice as great in 2016, whereas Nifio-1+2 warming was
less than half. In this sense the 2016 event was not a pure
EP type but a mixture of EP and CP El Nifio flavors (see
Pack et al. 2017).

These tropical SST differences were linked with and,
as will be subsequently demonstrated, were largely re-
sponsible for the major differences in tropical rainfall
patterns between the two El Nifio winters. Satellite es-
timates of precipitation anomalies for each winter
(Fig. 3, right) show a pronounced increase in rainfall
over the equatorial central to eastern Pacific during 2016
and 1998, a robust signature of well-known El Nifio—
related SST effects on the atmosphere. Drier than nor-
mal conditions prevailed over the far western Pacific
during both winters.

Differences in tropical rainfall between these two
winters are prominent, being comparable in their in-
tensity and spatial extent to the separate seasonal
anomalies during each El Nifo (Fig. 3, bottom right). A
5°-10° poleward shift of enhanced ITCZ convection
occurred during 2016 relative to 1998, spanning the en-
tire E1 Nifio monitoring region from 160°E to 90°W. This
displacement farther into the Northern Hemisphere is
related to warmer SSTs within 0°-20°N across the cen-
tral and eastern Pacific during 2016. In addition to this
meridional shift in rainfall patterns, there is also a zonal
shift—the center of strongest positive rainfall anomalies
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FIG. 4. Scatterplot of SCAL precipitation anomalies (%, y axis)
vs Nifio-3.4 (5°N-5°S, 170°-120°W) SST anomalies (°C, x axis)
during DJF. Red (black) dots display observations (GFSv2 en-
semble mean). Gray dots display each of the S0-member ensemble
GFSv2 simulations subjected to global SST forcing. Red (black)
line is the regression relationship for observations (GFSv2 en-
semble mean) with an R value of 0.14 (0.66). The mean regression
relationship averaged over 50-sample regression lines between
individual model members and Nifio-3.4 SST index has an R value
of 0.21. The period of analysis is 1979-2016, although regression
analysis only covers 1979-2015. The 2015/16 and 1997/98 values
highlighted with asterisks inside circles and asterisks alone, re-
spectively. Precipitation is averaged over 32°-37°N, 125°-115°W.

in 2016 is located approximately 20° longitude west of
that in 1998. The resulting zonal dipole pattern in pre-
cipitation is well aligned with the dipole structure of
tropical Pacific SST differences (cf. Fig. 3, bottom
panels) and resembles a fingerprint of tropical Pacific
rainfall sensitivity to stronger warming of the central
compared to eastern Pacific (e.g., Zhang et al. 2016).
Finally, a large difference in Indian Ocean rainfall
mainly reflects the strong anomaly pattern present in
1998 that was linked with the aforementioned positive
Indian Ocean dipole mode.

b. Model suitability assessment

We assess GFSv2 suitability as a tool for diagnosing
causes of 2016 SCAL dryness by quantifying the realism
of its historical SCAL rainfall-ENSO linkage and also
by evaluating the model’s ability to predict SCAL winter
precipitation variability. Subsequently, we will compare
GFSv2 simulations of the 2016 winter with those gen-
erated by two other models in order to address structural
model uncertainty. Figure 4 shows observed winter
SCAL precipitation anomalies (percent of average) for
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37 individual years during 1979-2016 (red dots) plotted
as a function of the wintertime Nifio-3.4 index. The
observed linear correlation for 1979-2015 is 0.38,' and
the linear regression relation is shown by the solid red
line. The GFSv2 ensemble-mean simulated SCAL pre-
cipitation anomalies are also plotted for each winter
(black dots), and they correlate with observed SCAL
precipitation at 0.47 (see footnote). The linear re-
gression between the GFSv2 ensemble-mean pre-
cipitation and Nifio-3.4 SSTs, shown by the solid black
line, is statistically indistinguishable from the observed
relation. The regression relationships between SCAL
rainfall and each of the standard Nifio (Nifio-4, Nifio-3.4,
Nifo-3, and Nifio-1+2) indices are similar (not shown).

The results in Fig. 4 establish that the GFSv2 has
significant skill in simulating the historical variability in
SCAL winter precipitation. Related to that capability, it
exhibits realistic SCAL rainfall sensitivity to ENSO
driving by reproducing the observed tendency for win-
ters to be approximately 20% wetter than normal for a
1°C Nifo-3.4 warm SST anomaly. It is thus not alto-
gether surprising that the GFSv2 ensemble mean was
skillful in simulating the observed very wet winters
during the prior two strongest El Nifio events. These
inclinations are not deterministic, however, as indi-
cated by the considerable scatter in simulated SCAL
rainfall for identically strong El Nifio forcing, a fea-
ture of the SCAL-El Nifio linkage to be discussed
further below.

An additional inquiry of this paper, one tied in-
timately to the predictability question, is why the GFSv2
ensemble mean (and the official seasonal forecast) was
not skillful for SCAL winter precipitation during the
strong 2016 El Nifo. To be sure, the GFSv2 ensemble-
mean 2016 precipitation (black asterisk inside circle in
Fig. 4) is closely aligned with both its own and observed
linear ENSO relationships in 2016. By contrast, the
observed 2016 SCAL precipitation (red asterisk inside
circle in Fig. 4) departs greatly from its ENSO regression
relationship in a dry sense. Note also that the observed
1998 SCAL precipitation (red asterisk in Fig. 4) de-
parted greatly from its ENSO regression relationship,
although in a wet sense. In both cases the observations
fall within the model spread (gray dots); in fact, the ob-
servations fall within the model spread for virtually all of
the 37 winters since 1979. As such, the large difference
between 2016 observed SCAL rainfall and the GFSv2
ensemble mean is not necessarily due to model deficiency,

U A univariate Student’s ¢ test assuming 35 degrees of freedom
indicates that correlations of 0.38 and 0.47 are significantly differ-
ent from zero at 95% and 99% confidence levels, respectively.
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FIG. 5. PDFs of SCAL precipitation (% departure) for DJF 2016
(red curve), 1998 (blue curve), and control simulations (orange
curves). El Nifio case results are based on 50-member ensemble
GFSv2 simulations subjected to global SST forcing. Control in-
tegrations based on four separate 50-yr samples of GFSv2 simu-
lations subjected to climatological 1981-2010 SSTs. Observed
density function for a 47-yr sample of ENSO-neutral years shown
by a dashed curve. The tick chart across the bottom shows model
individual samples for the 2015/16 (red) and 1997/98 (blue) simu-
lations, and large tick marks show observed 2015/16 (red) and 1997/
98 (blue) departures. The PDFs are nonparametric curves utilizing
kernel density estimation with a Gaussian smoother.

one that would render it unsuitable for evaluating causes
of the failed 2016 rains. Indeed, we will capitalize on the
GFSv2 large ensemble sizes and the considerable spread
(even during strong El Nifio winters) to estimate extreme
event probabilities and thereby further characterize the
observed 2016 SCAL dryness.

c. Probability estimates for failed SCAL rains during
2016

Figure 5 shows probability density functions (PDFs;
shown as nonparametric fits to the histograms of the raw
data) of SCAL winter precipitation based on observa-
tions and three different GFSv2 experiments. It is in-
structive to first examine the statistics of unforced
variability. These are derived from control experiments
subjected only to the repeating climatological seasonal
cycle having, in particular, no interannual ENSO vari-
ability. Each of the four orange PDFs, drawn from in-
dependent 50-yr control integrations, is statistically
indistinguishable from an observed PDF drawn from
47 years of historical ENSO-neutral winters (dotted
curve). The result indicates that in the absence of ENSO
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variability the most frequent SCAL winter precipitation
condition is one of dryness, with a statistical mode
of —21% in the control runs and —24% in observations.

We next plot in Fig. 5 the frequency distributions from
the two forced experiments using the 50-member en-
semble GFSv2 AMIP experiments of 1998 (blue curve)
and 2016 (red curve). Short tick marks on the abscissa
indicate individual samples, while long tick marks in-
dicate the corresponding observed values for the two
winters. The statistics of SCAL rainfall summarized by
these forced PDFs are significantly different from those
summarized by the unforced PDFs. Noteworthy is that
the most frequent SCAL winter precipitation condition
is one of wetness in the presence of strong El Nifio
driving, with a statistical mode of +121% in the 1998
runs and +73% in 2016 runs. The PDFs of SCAL pre-
cipitation are also significantly different between the
1998 and 2016 experiments. In particular, comparison of
these two distributions reveals a greater likelihood for
drier (wetter) SCAL outcomes when forced with 2016
(1998) global boundary conditions. As shown in ap-
pendix A (Fig. Al), the probability of exceeding the
observed 2016 dryness was 4.8% under 2016 forcing
compared to 1.6% under 1998 forcing, or 3 times as high.
This compares with 24% odds of exceeding the observed
2016 dryness in the climatological control run (Fig. Al).
Likewise, the odds of exceeding the observed 1998
SCAL wetness in our GFSv2 experiments was about half
under the influence of 2016 forcing compared to 1998
forcing (11% vs 21%, compared to 0.1% in the
control run).

There are three main points to take away from Fig. 5.
First, the observed SCAL 2016 dryness was almost certainly
an articulation of unusual—though not unprecedented—
unforced variability. This conclusion is inferred from the
fact that the observed condition resides in the dry tail of
the forced PDF (red curve), with only two of the GFSv2
50-member ensemble simulations for 2016 being as dry
as observed. These are low probability occurrences in
2016 GFSv2 runs resulting purely from the effects of
strong internal variability (unforced by the SST
boundary states) in the model. While the observed in-
ternal variability in the presence of 2016 SST forcings is
not known, we have established two attributes of the
model that support our interpretation. We demonstrate
the realism of the model’s internal variability in the
absence of ENSO forcing (see Fig. 5). We have also
established the realism of its overall ENSO sensitivity
(see Fig. 4). Our argument is thus supported by the fact
that the model and observations have comparable sta-
tistics of unforced and forced variability.

Second, the effect of strong El Nifio—related boundary
forcing, during either 2016 or 1998, greatly reduced the
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likelihood for such a dry SCAL outcome compared to its
likelihood under climatological forcing. Third, the par-
ticular global forcing operating during the 2016 El Nifio
increased the risk for an extreme failure of SCAL winter
rains compared to the influence of global forcing oper-
ating during the 1998 El Nifio. This latter point is the key
result insofar as the perception of the efficacy of strong
El Niflo driving of SCAL rainfall was in no small part
bound to the experience of flooding rains during 1998.
Yet, here we show that despite nearly identical Nifio-3.4
SST anomalies, the forced signals were sufficiently dif-
ferent such that 1998 was far from being an exact analog
for 2016 as concerns the risks for either extreme dry or
wet SCAL winter rainfall.

d. Simulated atmosphere signals for 2016

Figure 6 shows the GFSv2 ensemble-mean winter
anomalies for western U.S. precipitation (left) and Pa-
cific basin 200-hPa heights (right). The forced signal is
wetness across the entire southwestern United States for
both 2016 (Fig. 6, top) and 1998 (Fig. 6, middle). This is a
consequence of anomalous low pressure situated in
close proximity to the U.S. West Coast. For the Pacific
basin as a whole, the atmospheric circulation signal
broadly agrees with the observed circulation anomalies
(cf. Figs. 2 and 6) and bears close resemblance to the
well-known canonical El Nifio teleconnection (e.g.,
Horel and Wallace 1981). The model’s circulation pat-
terns, however, are not identical for the two winters (as
also noted for observations in section 3a): a more intense
and farther eastward positioned Pacific low pressure
anomaly occurs in 1998 compared to 2016. As a result,
the magnitude of the GFSv2 wet signal in SCAL is less
in 2016. In particular, the difference in the GFSv2
ensemble-mean signal of SCAL rainfall is —25%, a
relative dryness that is consistent with other statistical
measures described in section 3c, including a lower
median and mode and a greater likelihood for an ex-
treme dry tail event.

We find this signal of relative SCAL dryness in 2016
(compared to 1998) to be robust to model uncertainty.
Appendix B presents analysis of large ensemble simu-
lations using two additional atmospheric models. Both
of those indicate a wet signal over the western United
States during the two winters; as in GFSv2, their wet
signal is weaker in 2016. The greatest difference be-
tween 2016 and 1998 forced U.S. precipitation signals
occurs over the North American Southwest including
SCAL where the area-averaged 2016 precipitation sig-
nal ranges from 21% to 33% drier in the three models
examined herein (Fig. B1).

The results support a high confidence that global
boundary forcing during the 2016 strong El Nifio was
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less effective in driving SCAL wetness than the global
forcing operating in 1998. It is thus meaningful to probe
whether more specific predictive understanding can be
gleaned from these AMIP simulations. For instance,
was the drier 2016 signal an indication of SCAL sen-
sitivity to the flavor of El Nifio? Using satellite rainfall
estimates, we contrasted the tropical Pacific rainfall
between 2016 and 1998 in section 3a, finding substantial
deviations in the intensity and spatial extent of anom-
alies. The GFSv2 AMIP simulations affirm that those
were indeed mostly due to the atmosphere’s response
to SST forcing, as supported by results in Fig. 7 which
show ensemble-mean rainfall anomalies for 2016 (top)
and 1998 (middle) and their difference (bottom). Prior
model experimentation by Barsugli and Sardeshmukh
(2002) demonstrated that winter precipitation over the
North American Southwest could be particularly sen-
sitive to forcing from the Nifio-4 relative to Nifio-3
region. As such, an SST-driven westward shift of con-
vection toward the date line in 2016 relative to 1998
may have been key to harvesting U.S. predictability.
However, a stronger sensitivity to date line forcing
implies a wetter and not a drier signal. Indeed, more
recent model studies of U.S. precipitation sensitivity
to flavors of El Nifio find that stronger warming in the
central versus eastern equatorial Pacific leads to a
wetter signal over SCAL (e.g., Zhang et al. 2016). As
such, an explanation for the drier SCAL signal in our
AMIP experiments must look outside the El Nifio
regions, since details of the El Nifio-related SST
pattern that distinguished the 2016 and 1998 events
were unlikely the cause.

As another candidate, the results of Fig. 7 affirm that
differences in Indian Ocean convection were also SST
forced, and that such rainfall may have been predictable
if the Indian Ocean SST dipole mode was predicted.
Could this overall Indo-Pacific SST forcing pattern
therefore have been responsible for the drier SCAL
signal in 2016? A satisfactory answer based solely on the
AMIP simulations cannot be offered. In particular, the
presence of mostly enhanced Indian Ocean precipita-
tion in 2016 relative to 1998, together with enhanced
central Pacific convection, complicates interpretation
of the impacts on SCAL rainfall. This is because of a
nodal sensitivity of atmospheric teleconnections; like-
signed forcing in the tropical Indian and the central
Pacific Oceans yield opposite-signed effects on the
Pacific-North American circulation pattern (e.g., Simmons
et al. 1983; Barsugli and Sardeshmukh 2002). Additional
model experiments, beyond the scope of this paper, are
thus needed to determine which boundary forcings dis-
tinguishing 2016 from 1998 were most important for
predicting a drier 2016 SCAL rainy season.

JOURNAL OF CLIMATE

VOLUME 31

GFSv2 precipitation anomalies

(mm/day)

T 1 ] ] ] ] ] ] ] | —
-5 -4 -3-2-11 2 3 4 5
FIG. 7. DJF precipitation anomalies (mm day ') from GFSv2
AMIP simulations for (top) 2015/16 and (middle) 1997/98 and
(bottom) the difference. Model results are based on a 50-member
ensemble. Reference period is 1981-2010.

e. Predicted ocean—atmosphere signals for 2016

Two ensembles of initialized coupled model fore-
casts are examined using the NCEP CFSv2, the atmo-
spheric component of which is the GFSv2 whose
uninitialized simulations were diagnosed above. One
set, referred to herein as the seasonal forecast, is
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initialized in November for which the subsequent
December—February seasonal mean predictions are
examined. The other set, referred to herein as the
monthly forecast, is initialized each month (November,
December, and January) for which the subsequent
monthly mean prediction was generated. We examine
the average of these sequential monthly forecasts and
calculate their December—February means.

Figure 8 shows the CFSv2 seasonal (left) and
CFSv2 monthly (right) predictions of DJF precipitation
anomalies for 2016 (top) and 1998 (middle) and their
differences (bottom). The ensemble-mean seasonal
forecast is wet over the North American Southwest
during both winters, with the largest signal over SCAL.
However, the seasonal prediction is considerably drier
for 2016 than for 1998 for SCAL in particular, mimicking
results from the AMIP experiments. The close agree-
ment between the CFSv2 predictions and AMIP simu-
lations is not entirely surprising since at such short lead
times the 1998 and 2016 SST anomalies are realistically
predicted (left panels of Fig. 9 vs Fig. 3), consistent with
an overall high skill in 1-month lead Nifio-3.4 winter SST
predictions (Saha et al. 2014). Considerable skill in
predicting the tropical rainfall anomalies for the two
winters largely follows from the SST forecast skill in
light of the strong coupling between ocean and atmo-
sphere in the tropics on seasonal time scales (cf. Fig. 9
and Fig. 3). Notwithstanding these encouraging sug-
gestions for prediction capabilities, the 2016 SCAL wet
signals (i.e., ensemble means) occurring in both the
CFSv2 seasonal forecasts and the GFSv2 retrospective
climate simulations were diametrically opposed to the
dry conditions actually observed.

Our interpretation for the observed dryness is that it
was most probably due to subseasonal variability—
a possible example of which is discussed in section 4—
but whose activity was likely unconstrained by the 2016
global boundary forcing. We previously alluded to the
intensity of internal variability when highlighting the
considerable spread of GFSv2 simulations even for sit-
uations of strong El Nifio boundary forcing (see Figs. 4
and 5). Likewise, the initialized coupled forecasts pro-
vide strong support for the presence of considerable
coupled internal variability, and indicate that the dry
2016 winter could not have been skillfully foreseen
from simply knowing initial conditions (atmosphere,
ocean, and land) in November 2015. This point was
already noted based on CFSv2 ensemble seasonal
forecasts for 2016 and 1998, and is evident from the
large scatter among individual forecast members (see
Fig. 11 and subsequent discussions in section 4). Also,
we examined a multimodel set of seasonal predictions
generated by the so-called 12 global producing centers
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(GPCs) (Graham et al. 2011). Figure 10 shows the
ensemble-mean probabilistic DJF 2015/16 North Ameri-
can precipitation predictions based on November 2015
initialization from these centers. The multimodel results
lead to an expectation that SCAL rains would most likely
have been above normal precipitation, having about 50%
probability of residing in the upper tercile.

The role of subseasonal variability can be further
demonstrated by contrasting monthly and seasonal
coupled model forecasts. Figure 8 (right) indeed pro-
vides evidence that monthly forecasts alone could have
provided skillful incremental guidance. These monthly
predictions, aggregated to form seasonal averages,
reveal a much more dramatic difference in SCAL rain-
fall between the two winters, being near-normal for 2016
but +165% above normal for 1998. The contrast with
the CFSv2 seasonal forecast and the AMIP experiments
is striking. The improved prediction for both winters is
apparently not linked to improvements in the SST pre-
dictions, which are largely indistinguishable between the
seasonal (Fig. 9) and monthly (not shown) forecasts.
Rather, the improvement is most likely the result of
updated initializations of atmospheric conditions during
the course of the winter that carried critical information
of the particular drought-producing weather regime. A
more detailed analysis of all predictability sources would
be required to confirm this argument, but the results of
these monthly forecasts support the view formulated
from the ensemble AMIP experiments that internal at-
mospheric noise, rather than a boundary-forced signal,
was principally responsible for the failed SCAL rains
in 2016.

4. Summary and concluding remarks

Heightened expectations for copious California rains
during the 2016 strong El Nifio were fueled by lessons
drawn from flooding rains that ravaged the state during
the 1983 and 1998 strong El Nifio events and from both
empirical and model forecast guidance. Clearly, the
predicted rains failed to materialize over Southern
California, with seasonal precipitation totals being in-
stead 32% below normal. This study sought to explain
the failed SCAL rains of 2016, and to that end assessed
the predictability and predictions for the region’s 2016
winter climate. A principal finding is that 2016 SCAL
dryness was not predictable from knowledge of global
boundary forcing alone. The ensemble-mean responses
in climate simulations using three different atmospheric
models and from a multimodel average of coupled
ocean—atmosphere forecasts initialized in November
2015 all produced a wet SCAL precipitation signal
during December—February 2016.
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FIG. 8. DJF precipitation anomalies (% departures) from the (left) CFSv2 seasonal forecast
and (right) CFSv2 monthly forecast for (top) 2015/16 and (middle) 1997/98 and (bottom) the
difference. Results are based on a 24-member ensemble for seasonal forecast and a 16-member
ensemble for monthly forecast. Reference period is 1982/83 through 2011/12. Plotted values are
percent departures for the SCAL land area bounded by 32°-37°N, 125°-115°W.
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FIG. 9. DJF (left) SST anomalies (°C) and (right) precipitation anomalies (mm day ') from a 24-member
ensemble-mean CFSv2 seasonal forecast based on November initializations for (top) 2015/16 and (middle) 1997/

98 and (bottom) the difference.

A second principal finding, offering some evidence
for useful long-lead predictability in 2016, was that
global boundary forcing likely generated a weaker
SCAL wet signal in 2016 compared to 1998. When av-
eraged over Southern California, the magnitude of the
wet signal in all ensembles examined herein was found
to be as much as 20%-50% reduced in 2016 compared
to 1998, depending on model. Our analysis of initialized
CFSv2 seasonal forecasts revealed skill in capturing
this important distinction between the SCAL pre-
cipitation signals for the two strong El Nifio winters,
even though the observed SCAL dryness in an absolute
sense was not a long-lead predictable signal. Our

results thereby revealed a drawback in relying solely on
experiences of the 1998 flooding rains as an analog for
surmising 2016 SCAL rains, yet highlighted dynamical
model skill in distinguishing climate signals for these
two winters.

We discussed possible origins for this weaker SCAL
wet signal. A particular flavor of the El Nifio region
SST forcing in 2016 was argued to not have been a
factor. To be sure, large differences in tropical pre-
cipitation anomalies between the 2016 and 1998
El Nifio events were noted. We demonstrated that the
differences between 2016 and 1998 SSTs were largely
responsible for the major differences in observed
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forecast centers listed at the top of the plot. The data and plots were retrieved from
the WMO Lead Center for Long-Range Forecast Multi-Model Ensemble website (https:/
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tropical precipitation patterns. These included a 5°-10°
poleward displacement of Pacific ITCZ convection
and an approximately 20° longitude westward shift of
equatorial Pacific convection—features of the atmo-
spheric response that were plausibly linked to a more
CP-like flavor of 2016 El Nifio compared to the strong
EP articulation of the 1998 El Nifio. Convection over
the Indian Ocean was also generally more abundant in
2016 compared to 1998, an outward symptom of a
strong Indian Ocean dipole mode of 1998 and an
overall warmer Indian Ocean in 2016. It was argued,
however, based on prior model sensitivity experiments
(e.g., Zhang et al. 2016) that the particular flavor of the
2016 El Nifio was not likely the cause for the weaker
SCAL wet signal relative to 1998. We did not address
which of these various ocean boundary drivers was
most important in producing a weaker SCAL wet signal
during 2016; for that, additional model experimenta-
tion would be required.

The failure of observed SCAL rains in 2016 appears
to be mainly due to subseasonal variability that was not
constrained by boundary forcing and thus was un-
predictable at long lead times. As one line of evidence,
we compared CFSv2 initialized seasonal versus
monthly predictions of the December—February 2016

averaged SCAL precipitation. These revealed a more
skillful prediction in the latter suite of sequential
monthly forecasts, which we interpret as due to im-
proved initialization of the atmospheric drivers for the
dryness rather than owing to an improved represen-
tation of the boundary forcing itself. We also di-
agnosed the spread among members of the GFSv2
large ensemble simulations, from which we estimated a
5% probability that SCAL precipitation would be as
low as observed, indicating that 2016 failed rains could
be reconciled as an occurrence of extreme internal
variability relative to the boundary forced signal. By
comparison, we found that such a dry winter had a
fivefold greater likelihood in the absence of any
anomalous boundary forcing. We also note that
Madden—Julian oscillation (MJO) activity, the most
prominent subseasonal (intraseasonal) signal in the
tropics, exhibited a much stronger amplitude in 2016
compared to 1998, and also a much slower phase speed
(see appendix C). These additional results suggest that
the MJO activity may have favored 2016 SCAL dry-
ness, although the comparison with MJO activity
during other strong El Nifios (Dole et al. 2018) implies
that the intraseasonal behavior in 2016 was unlikely
organized by low-frequency SST forcing.
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FIG. 11. Scatterplot of SCAL precipitation anomalies (%, y axis)
vs Nifio-3.4 (5°N-5°S, 170°-120°W) SST anomalies (°C, x axis)
during DJF. Red and blue dots display each of the 24-member
ensemble CFSv2 seasonal predictions (based on November ini-
tializations) for 2015/16 and 1997/98 values, respectively. The ob-
served 2015/16 and 1997/98 values are highlighted with a red
asterisk inside circle and a red asterisk alone, respectively. Pre-
cipitation is averaged over 32°-37°N, 125°-115°W.

As a concluding remark, we wish to emphasize that
the failed SCAL rains of 2016 were consistent with the
probability space of outcomes among the members of
the GFSv2 ensemble. Our analysis of the AMIP exper-
iments indicated that the 2016 failed rains were an ex-
treme event in the presence of the particular boundary
forcing of that winter. The failed rains were potentially
foreseeable at long lead times, but only in a probabilistic
manner. We noted in particular that the GFSv2 spread
indicated that such an outcome had less than a 2%
probability in the presence of 1998 boundary forcing,
compared to triple that much in the presence of 2016
forcing.

The science of seasonal prediction needs to develop
capabilities to better express risks of societally impor-
tant climate events. Official NOAA seasonal outlooks
are issued as tercile probabilities that do not offer ex-
plicit guidance for extreme events though they could be
estimated under certain assumptions of the shape of the
probability distribution. Although a thorough analysis is
beyond this paper’s scope, it is instructive to examine the
spread of the 24-member ensemble CFSv2 seasonal
predictions for 2016 (based on November initializa-
tions), focusing especially on tail behavior. These are
shown as scatterplots in Fig. 11, and the 2016 and 1998
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forecasts are each plotted. The likelihood of SCAL wet
conditions is immediately apparent for both winters.
Intriguing from an extreme event forecast perspective is
that only the 2016 predictions realize outcomes as dry as
observed that winter, whereas only the 1998 predictions
realize members as wet as 1998 conditions.

These reforecasts’ sample sizes are undoubtedly too
small for undertaking a systematic analysis on the pre-
dictability of extreme seasonal events. Notwithstanding,
the CFSv2 forecasts do indicate extreme event sensitivity
to global boundary forcing that distinguished these strong
El Nifo events. When compared to the observed SCAL
rainfall in each winter, the CFSv2 scatter also affirms that
both the observed dry conditions in 2016 and very wet
conditions in 1998 were each likely made appreciably
more extreme by subseasonal variability unrelated to
boundary forcing. Indeed, neither of their observed ex-
treme magnitudes was particularly consistent with the
magnitude of their respective boundary forced signals.
This is consistent with the paper’s empirical analysis in-
dicating that the observed 1998 wetness was more than
one standard deviation greater than implied by its re-
gression onto Nifio-3.4 SST alone, and more than one
standard deviation below that regression for 2016. Nei-
ther the dryness of SCAL during 2016 nor the extreme
wetness in 1998 should be used as a reliable indicator for
the expected impact of a strong El Nifio, but should
rather serve as a reminder that El Nifio forcing only
modestly constrains the statistics of SCAL winter rainfall.
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APPENDIX A

Extreme Events Exceedance Probability

To estimate the extreme event exceedance probabil-
ities for December—February SCAL precipitation in the
GFSv2 AMIP simulations and CFSv2 seasonal fore-
casts, we first examined various candidate parametric
distributions including Weibull, gamma, Gumbel, and
normal distributions. The normal distribution was se-
lected as the best fit to GFSv2 simulations and CFSv2
seasonal forecasts judged by the root-mean-square error,
graphical quantile—quantile plots, and the Kolmogorov—
Smirnov test. We use 1000 times bootstrap resampling
to estimate the sampling uncertainty for the proba-
bility of exceedance. A normal distribution was fit to
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FIG. Al. Box-and-whisker plots of exceedance probabilities (%) for DJF SCAL pre-
cipitation (top) wetter than the observed 1997/98 wetness (blue) and (bottom) drier than the
observed 2015/16 dryness (red). Separate columns denote different configurations of SST
forcing: GFSv2 climatological (CNTR; left column), GFSv2 1997/98 (G98) and 2015/16 (G16)
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plots show the median value (indicated by the center whisker inside the box) and 25th (lower
whisker) and 75th (upper whisker) percentiles of exceedance probability based on bootstrap

resampling of GFSv2 and CFSv2 ensembles.

each bootstrap sample of size N, where N = 50 for the
GFSv2 climatological SST (i.e., CNTR), 1997/98, and
2015/16 AMIP ensembles, and N = 24 for the CFSv2
1997/98 and 2015/16 forecast ensembles. Box-and-
whisker plots of exceedance probabilities based on
these 1000 bootstrap values are presented in Fig. Al.
The results show a large probability (about 24%) of
producing a drier condition than observed 2016 dryness
in the GFSv2 climatological SST run (indicated by
CNTR), consistent with what can be visually inferred
from the smooth histograms (Fig. 5). Climatological SST

forcing also has almost zero probability of yielding a wet
Southern California condition greater than the observed
1998 wetness, indicating that the latter is more likely
driven by ENSO SST forcing rather than by internal
atmospheric variability alone. The GFSv2 AMIP simu-
lations show that 2016 global SST has about an 11%
probability of producing a wet Southern California
condition greater than the observed 1998 wetness, half
of the likelihood resulting from 1998 global SST forc-
ing. There is an about 5% (under 2%) probability of
yielding a drier condition than observed 2016 dryness
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under 2016 (1998) global SST forcing. This indicates that
the 2016 SCAL dryness was an extreme event in the

presence of the particular global forcing of that year,
although it was not an extreme event in the presence of
climatological boundary forcing. We have repeated the

analysis using CFSv2 seasonal forecast and found a

similar feature of extreme event sensitivity to global
boundary forcings (Fig. Al; right column).

APPENDIX B

Comparison of Global SST-Forced Impacts on
Southern California Precipitation between 2016 and
1998 El Niio Winter across Models

The robustness of different global SST-forced impacts on

western U.S. precipitation between 2016 and 1998 El Nifio
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winter is evaluated by repeating the analysis of Fig. 6 but
using different model data. Important in such intercom-
parison is the use of large-sized ensemble simulations so as
not to confound SST-forced patterns with internal atmo-
spheric variability that may dominate the analysis in small-
sized ensembles. We have therefore used the data from a
30-member ensemble of similarly designed AMIP experi-
ments derived from the ECHAMS model and a 50-member
ensemble of AMIP simulations from CAMS model
Figure B1 compares the December—February precipitation
anomalies from the GFSv2, ECHAMS, and CAMS simu-
lations using global SST forcing. All the models show a wet
SCAL condition for both winters and a less wet condition in
2016 relative to 1998. The 25% reduced wet signal of 2016

compared to 1998 forcing in the GFSv2 model is com-
parable to the results of the other two models: a 33% re-
duction in ECHAMS and a 21% reduction in CAMS. This
intercomparison reveals that the less wet Southern Cal-
ifornia signal in 2016 compared to 1998 is robust to struc-
tural differences among various atmospheric models.

APPENDIX C

Comparison of MJO Activity between 2016 and 1998
El Nifio Winter

To explore the possible effect of MJO subseasonal
activity on the precipitation variability over the west
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FIG. C2. MJO phase diagrams constructed from the all-season real-time multivariate MJO index (Wheeler and
Hendon 2004) during DJF of (left) 1997/98 and (right) 2015/16.

coast of North America including California, we have
performed an analysis of the Wheeler-Hendon di-
agnostic (Wheeler and Hendon 2004) for MJO activity
during 2015/16 El Nifio, and contrasted with MJO ac-
tivity during 1997/98 El Nifio. Figure C1 shows the
composite precipitation anomaly during various phases
of the MJO, based on daily data for 1981-2016, and
Fig. C2 shows the real-time multivariate MJO index for
the two El Nifio winters. The results indicate a much
stronger amplitude MJO activity in 2016 compared to
1998, and also a much slower phase speed. While the
composite rainfall magnitudes indicate that the MJO is
unlikely to explain a substantial fraction of the SCAL
precipitation conditions in 2016, we note that the pre-
vailing MJO phases 5-7 during the winter of 2016 would
be historically associated with dry California conditions.
The results are also consistent with the empirical real-
time experience during the ENRR (El Nifio Rapid Re-
sponse) Field Campaign in 2016, which encountered
unusually intense intraseasonal convection in February
2016, especially compared to prior strong El Nifio events
(Dole et al. 2018).
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