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ABSTRACT

Widespread multiday convective bursts in the southwestern United States during the North American
monsoon are often triggered by Gulf of California moisture surges (GoC surges). However, how GoC surges,
and the amount and intensity of associated precipitation, will change in response to CO,-induced warming
remains little known, not least because the most widely available climate models do not currently resolve
the relevant mesoscale dynamics because of their coarse resolution (100 km or more). In this study, a
50-km-resolution global coupled model is used to address this question. It is found that the mean number
of GoC surge events remains unchanged under CO, doubling, but intermediate-to-high intensity surge-
related precipitation tends to become less frequent, thus reducing the mean summertime rainfall. Low-
level moisture fluxes associated with GoC surges as well as their convergence over land to the east of the
GoC intensify, but the increases in low-level moisture are not matched by the larger increments in the
near-surface saturation specific humidity because of amplified land warming. This results in a more un-
saturated low-level atmospheric environment that disfavors moist convection. These thermodynamic
changes are accompanied by dynamic changes that are also detrimental to convective activity, with the
midlevel monsoonal ridge projected to expand and move to the west of its present-day climatological
maximum. Despite the overall reduction in precipitation, the frequency of very intense, localized daily
surge-related precipitation in Arizona and surrounding areas is projected to increase with increased
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precipitable water.

1. Introduction

Convective activity developing during the summertime
North American monsoon (NAM; e.g., Douglas et al. 1993;
Adams and Comrie 1997; Higgins et al. 1997) accounts for a

& Supplemental information related to this paper is available at
the Journals Online website: https://doi.org/10.1175/JCLI-D-18-
0007.s1.
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substantial fraction of the total annual precipitation in the
southwestern United States (30%—-50%) and northwestern
Mexico (60%—-80%). In these regions, the most severe
rainfall events occur during the monsoon season, typically
covering the period from July to September, and can cause
flooding and life-threatening flash floods (Crimmins 2006;
Ralph et al. 2014; Moore et al. 2015; Yang et al. 2017).
Therefore, understanding the impact of increasing atmo-
spheric greenhouse gas concentrations on precipitation
extremes, in addition to that on mean rainfall, is of strategic
importance for hazard preparedness, water resources, and
conservation planning in the region (Ray et al. 2007).
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FI1G. 1. (a) North American monsoon region and surroundings, with topographical features and main locations mentioned in text. The
dashed red line defines the GoC area over which near-surface alongshore wind anomalies are considered for the PC analysis. The dashed
line indicates the region referred to as the North American Southwest or simply the Southwest, while the blue rectangle delimits the
Arizona domain used to estimate area-averaged precipitation; (b) July—August precipitation in GPCC v6; (c)—(f) July—-August pre-
cipitationin MERRA, TRMM, FLOR, and FLOR-FA, respectively. Blue contours in (c), (¢), and (f) indicate isolines of 10-m moist static
energy (340 and 350 kJ kg ') and arrows indicate the 10-m moisture flux.

Convection associated with the NAM arises from
complex interactions between local topographical fea-
tures (Fig. 1a) and synoptic, larger-scale forcing (e.g.,
Kiladis and Hall-McKim 2004; Lorenz and Hartmann
2006; Jiang and Lau 2008; Pascale and Bordoni 2016).
This makes its simulation challenging for general cir-
culation models [GCMs; e.g., those participating in
phases 3 and 5 of the Coupled Model Intercomparison
Project (CMIP3 and CMIPS5, respectively); Meehl et al.
2007; Taylor et al. 2012]. For example, Liang et al. (2008)
and Geil et al. (2013) show that many of the CMIP3 and
CMIP5 GCMs struggle to reproduce a realistic NAM
over the southwestern United States and northwestern
Mexico (henceforth, the North American Southwest,
Fig. 1a). This deficiency is due to several factors, such as
an inadequate (or missing) representation of the Gulf of
California (GoC) and other local topographical fea-
tures, difficulties in realistically simulating the diurnal
cycle of convective precipitation (Lee et al. 2007a,b),
systematic sea surface temperature (SST) biases (Meyer
and Jin 2016; Pascale et al. 2017), and an inadequate
simulation of both eastern Pacific tropical cyclones
(Camargo 2013) and of the seasonal movement of the
North Atlantic subtropical high (Geil et al. 2013; Ryu

and Hayhoe 2014). Given these issues, it is not surprising
that GCMs disagree even on the sign of the NAM pre-
cipitation response to increased greenhouse gas forcing
in the North American Southwest (e.g., Fig. 7 of Cook
and Seager 2013). Thanks to a higher horizontal reso-
lution, regional climate models (RCMs) generally im-
prove the simulation of mesoscale circulation features
that are key to the NAM (e.g., Castro et al. 2007a,b), but
they tend to maintain the same biases found in the
GCM-generated forcing datasets used to provide them
with lateral boundary conditions (e.g., Bukovsky et al.
2013; Meyer and Jin 2016). Consequently, their perfor-
mance is inexorably dependent on the skills of the
GCMs to reproduce a realistic large-scale circulation in
present and future climate (Mo et al. 2005).

We have recently shown how the Forecast-Oriented Low
Ocean Resolution model (FLOR; Vecchi et al. 2014),
a global coupled model at surge-permitting horizontal
resolution of 50km, provides an improved representa-
tion of the monsoon (Figs. 1b—e) and its synoptic-scale
variability (Pascale et al. 2016). Under CO, doubling and
when SST biases are minimized (Pascale et al. 2017), this
model projects a robust reduction in mean monsoonal
precipitation, against consensus in CMIP3 and CMIP5
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models that instead suggest an early-to-late redistribution
of summertime rainfall (e.g., Seth et al. 2011; Cook and
Seager 2013; Torres-Alavez et al. 2014; Maloney et al.
2014). Pascale et al. (2017) focused on mean changes, that
is, changes in monthly means, without examining the
impact of global warming on the synoptic-scale pro-
cesses controlling precipitation in the NAM region.
Among these processes, Gulf of California moisture
surges (henceforth referred to as GoC surges; e.g.,
Hales 1972; Brenner 1974; Douglas et al. 1993;
Stensrud et al. 1997; Zehnder 2004; Higgins et al. 2004;
Rogers and Johnson 2007; Svoma 2010; Newman and
Johnson 2012, 2013; Mejia et al. 2016) have been shown
to significantly modulate the intensity and extent of
NAM convection, especially in Arizona and surr-
ounding areas' (Fig. 1a). In this region, intense heating
over the elevated terrains triggers convection at almost
daily frequency (e.g., Balling 1987; King and Balling
1994). However, larger-scale forcing is necessary to
provide a thermodynamically and dynamically favor-
able environment and allow deep convective plumes to
propagate westward and organize themselves into me-
soscale convective systems. GoC surges provide one
such synoptic-scale forcing by increasing the low-level
moisture to overcome entrainment of drier midtropo-
spheric air (Adams and Souza 2009). Most of the sum-
mertime precipitation in Arizona occurs during days of
enhanced low-level southeasterly flow over the GoC
(~70%; Becker and Berbery 2008; Pascale and Bordoni
2016), but surge events often happen simultaneously
with the passage of upper-level inverted troughs (e.g.,
Bieda et al. 2009; Finch and Johnson 2010), which are
another important synoptic-scale forcing. The remaining
nearly 30% occur during nonsurge periods (see Table 2),
and it can be due to convection primarily forced by the
terrain diurnal heating (i.e., precipitation is phase-locked
to the terrain) or by other synoptic-scale disturbances
that can provide easterly or northeasterly flow at mid-
levels such as upper-level inverted troughs.

Knowing how GoC surges are impacted by anthro-
pogenic climate change is thus key to understanding how
the frequency and intensity of NAM thunderstorm
events may change in the coming decades. Specifically,
here we aim to achieve the following:

o Test the capability of the 50-km horizontal resolution
FLOR GCM to realistically represent the relationship

'n the following we will refer to the rectangular region defined
in Fig. 1a as ““Arizona,” even though this encompasses not only the
state of Arizona but also the closely surrounding areas of Cal-
ifornia, Nevada, Utah, Colorado, and New Mexico.
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between GoC surges, synoptic forcing, and the in-
tensity of the associated precipitation

o Investigate changes in GoC surges and the inten-
sity of associated precipitation in response to CO,
doubling

In this paper, we will primarily focus on synoptic-scale
events that are associated with GoC moisture surges,
whose mesoscale and larger-scale forcings are reason-
ably captured by FLOR (Pascale et al. 2016). We will
not deal with subdaily extreme rainfall (e.g., Prein et al.
2017a,b) since FLOR, like other GCMs that feature
parameterized convection (Moorthi and Suarez 1992),
has limitations in capturing the diurnal cycle of sum-
mertime convection in the NAM region (Lee et al.
2007a,b) and of the development of mesoscale con-
vective systems off the Arizona high terrains.

The paper will be organized as follows. In section 2,
we give a brief overview of the Geophysical Fluid Dy-
namics Laboratory (GFDL) model and other datasets
used in this study and describe our methodology to
identify GoC surges. In section 3, we evaluate the re-
lationship between GoC surges and precipitation in-
tensity in model simulations, and in section 4 we
investigate the impact of CO, forcing on GoC surges. A
critical discussion of our results and a summary are
provided in section 5 and section 6, respectively.

2. Data and methods
a. Reanalyses and observations

We use the reanalyses provided by the European Centre
for Medium-Range Weather Forecasts (ECMWF) in-
terim reanalysis (ERA-Interim, herein ERA-I; Dee et al.
2011; Berrisford et al. 2011a). The ERA-I atmospheric
model has 60 vertical levels and a horizontal resolution of
about 79 km (Berrisford et al. 2011b), which is sufficient
to resolve the GoC and other important topographical
features of the NAM region. Total precipitation, 10-m
wind, and 500-hPa geopotential height and winds are
obtained for the period 1979-2014 at 6-h time fre-
quency and then averaged to construct daily means. This
removes diurnal variations while retaining variability
associated with synoptic disturbances. We also use
the National Aeronautics and Space Administration
Goddard Space Flight Center (GSFC) Modern-Era
Retrospective Analysis for Research and Applications
(MERRA; Rienecker et al. 2011) to verify consistency of
results from the two different reanalyses. MERRA has
vertical and horizontal resolutions (72 levels and 0.5°
latitude X 0.67° longitude grid spacing) that are compa-
rable to that of ERA-I. Variables are obtained at daily
frequency for the period 1979-2010.
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TABLE 1. Description of the coupled runs used in this study.

Experiment Years Radiative forcing/boundary conditions Purpose
CTRL_FLOR 200 CO, constant at 1990 levels Control run
CTRL_FLOR-FA 200 CO, constant at 1990 levels Control run with flux adjustment; reduce SST biases
2CO,_FLOR 300 CO, doubles in 70 years, then constant CO, forcing
2CO,_FLOR-FA 300 CO; doubles in 70 years, then constant CO, forcing with flux adjustment; reduce SST biases

For total precipitation, we additionally use (i) the
National Oceanic and Atmospheric Administration
(NOAA) Climate Prediction Center (CPC) U.S. Unified
Gauge-Based Analysis (Chen et al. 2008a,b), available
at 0.25° X 0.25° horizontal resolution and daily time
resolution;? (i) the Global Precipitation Climatology
Centre, version 6 (GPCC v6), dataset (Schneider et al.
2014), based on statistically interpolated in situ rain mea-
surements covering all land areas (0.5° X 0.5° horizontal
resolution) for the period 1901-2010 at monthly temporal
resolution,’ and (iii) the daily accumulated precipitation
generated from the research-quality Tropical Rainfall
Measuring Mission (TRMM) Multisatellite Precipitation
Analysis* 3B42 (Huffman et al. 2007).

b. Model and experiments

Numerical simulations are performed with the cou-
pled FLOR model (Vecchi et al. 2014), developed at the
NOAA GFDL. FLOR has been derived from the
GFDL Climate Model, version 2.5 (CM2.5; Delworth
et al. 2012), which has been successfully used for studies
of regional hydroclimatic variability and change (e.g.,
Kapnick et al. 2014; Delworth and Zeng 2014; Delworth
et al. 2016; Zhang et al. 2016; Pascale et al. 2016, 2017).
FLOR and CM2.5 are identical (horizontal resolution of
0.5° X 0.5°1in the atmosphere—land model and 32 vertical
levels) but differ in horizontal resolution in the ocean—
sea ice components (~1° X 1°, with meridional resolu-
tion of !/3° near the equator in FLOR, vs ~0.25° X 0.25°,
with gridbox sizes ranging from 28 km at the equator to
8km in polar regions in CM2.5). The flux-adjusted ver-
sion of FLOR (FLOR-FA) is also available. In FLOR-
FA, climatological adjustments are made to FLOR
surface fluxes of momentum, enthalpy, and freshwater
in order to bring the model ocean surface climatology
closer to the observed 1979-2012 climatology (Table 1),
substantially reducing the negative SST biases in the sub-
tropical and extratropical Atlantic and Pacific Oceans.

2 Available online at http://www.esrl.noaa.gov/psd/data/gridded/
data.unified.daily.conus.html.

* Available online at the NOAA/Physical Sciences Division
Climate and Weather Data website www.esrl.noaa.gov/psd/data/.

* Available online at https:/pmm.nasa.gov/data-access/downloads/
trmm.

The availability of simulations without and with flux
adjustment allows us to evaluate the effects of these
SST biases, which have a substantial impact on the re-
sponse of the mean NAM to increased CO, (Pascale
et al. 2017).

Control runs for FLOR (CTRL_FLOR) and FLOR-
FA (CTRL_FLOR-FA) are obtained from a 200-yr
simulation with atmospheric composition (greenhouse
gases and aerosols) and external forcing (solar irradiance)
at 1990 levels (Table 1). In the forced experiments
(2CO,_FLOR and 2CO, FLOR-FA), atmospheric CO,
concentration starts at 1990 levels (=354 ppm), increases
at a rate of 1% per year, doubles in 70 years, and it is
then held constant as the model runs for an additional
230 years. For our analysis we take the last 200 years of the
whole run. The mean global surface temperature increase
associated with the steady-state 2CO,_FLOR and 2CO,_
FLOR-FA climates is approximately +2 K.

Overall, flux adjustment in FLOR has a large impact
on summertime precipitation over North America. In
particular, it reduces the precipitation climatology root-
mean-square error (RMSE) over the U.S. region (25°-
50°N, 60°-130°W) by 18.3% in October—-March and by
43.4% in April-September as compared to GPCC. The
large impact of SST biases (especially in the Atlantic
Ocean) on the North American hydroclimate arises
from biases in the large-scale North Atlantic subtropical
high induced by cooler tropical Atlantic Ocean (e.g.,
Wang et al. 2007). In summer, a cooler subtropical At-
lantic Ocean in FLOR relative to FLOR-FA induces a
stronger North Atlantic subtropical high, particularly in
its southwestern lobe over the Gulf of Mexico. As ex-
plained in Geil et al. (2013), this is also the main reason for
the NAM “‘retreat” problem, which is also seen in FLOR,
and that causes an unrealistic seasonal cycle. Importantly
for this study, FLOR-FA allows for a more realistic rep-
resentation of the high near-surface moist static energy
tongue along the GoC and the GoC low-level jet (Fig. 1)
and of the monsoonal ridge (Fig. 3 in Pascale et al. 2016),
and it better resolves GoC surges and their time variability
(Pascale et al. 2016). However, FLOR-FA features a dry
bias over western Arizona (see also Figs. 1d,e and Table 2),
which may arise because the northernmost GoC is not
resolved in FLOR. This may artificially reduce precipi-
tation in this region, given the key role played by the
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TABLE 2. Values of the total number of surge events, mean number of surges per year r,,, area-averaged precipitation (P) (mm day '),
surge-related precipitation (Pg,) (mm day '), and nonsurge-related precipitation (Py) (mm day ™) during 21 Jun-30 Sep for the datasets

used in this study. Area averages are computed over the Arizona domain shown in Fig. 1. Standard deviations associated with interannual
variability are also shown. For CPC and TRMM, surge days are defined on the basis of ERA-I wind field.

Dataset Years Total events sy (P) (Psu) (Prs) (Psu)/(P)
ERA-I 1979-2014 558 155 €20 1.04 = 0.46 0.76 = 0.36 0.27 = 0.15 73%
MERRA 1979-2010 489 153 +15 1.39 + 0.37 1.03 + 0.26 0.36 = 0.15 74%
CPC 1979-2006 — — 1.25 = 0.32 0.90 £ 0.25 0.34 =0.13 72%
TRMM 1998-2017 — — 1.28 £ 0.32 0.90 = 0.24 0.37 = 0.18 70%
FLOR 200 2800 14.0 £ 2.0 1.19 £ 0.48 0.81 = 0.34 0.38 = 0.23 68%
2CO,_FLOR 101-300 2804 14.0 £ 24 1.19 + 0.47 0.81 = 0.34 0.38 = 0.23 68%
FLOR-FA 200 3241 162 +22 0.65 + 0.32 0.46 = 0.25 0.18 = 0.12 71%
2CO,_FLOR-FA 101-300 3351 16.7 £ 2.1 0.49 = 0.31 0.34 = 0.23 0.15 = 0.12 68%

northern GoC as a moisture source for the monsoon
rainfall in southwestern Arizona (Mitchell et al. 2002;
Erfani and Mitchell 2014). There may be several other
reasons for this bias, including the inability of parame-
terized convection to propagate westward (Luong et al.
2018); a weak GoC low-level jet due to unphysical rep-
resentation of the northernmost part of the GoC; and an
oversmoothed topography that might not efficiently block
ventilation of drier, more stable air from the Pacific
(Bhattacharya et al. 2017).

c¢. GoC surge analysis

The monsoon (summer) season is here defined as
21 June-30 September. This period is chosen because
monsoon onset over the Southwest typically occurs later
than 21 June, while the retreat is in late September (Higgins
et al. 1997). GoC surges are identified using an empirical
orthogonal function (EOF) analysis of the temporal co-
variance matrix of the summertime ‘“‘alongshore” GoC
near-surface wind anomalies (Bordoni and Stevens 2006).
This method has been successfully applied in Pascale
and Bordoni (2016) and Pascale et al. (2016) and is briefly
described in the appendix. Days between subsequent surges
are identified as individual “nonsurge” periods. A mean
value of 15 surge events during the 21 June-30 September
period is common in both ERA-I and MERRA (Table 2).
FLOR slightly underestimates the number of surges per
year (14), whereas FLOR-FA slightly overestimates it
(16), with both nonetheless being within the observed
interannual variability.

To evaluate the impact of GoC surges on the intensity
of the associated convection, and assess the models’
capability to capture these events, we classify GoC
surges based on the intensity of the mean precipitation

Fig. 1a, Py, (Pys) is the accumulated rain amount (mm)
during surge (nonsurge) days, and Ny, (Ny) is the
number of days of a surge (nonsurge) event. To account
for more localized high-impact daily weather events
occurring anywhere within the Arizona domain, we also
evaluate, for each surge (nonsurge) day, the maximum
gridpoint daily precipitation within such domain. This is
useful to answer the question of whether the probability
of high-impact rainfall events will increase in Arizona
and surrounding areas at the gridpoint level under
higher levels of atmospheric CO,.

Anomalies associated with surge conditions are evaluated
by building composites of daily anomalies of 10-m wind,
total precipitation, and 500-hPa geopotential height
and winds for GoC surges associated with (i) psy < pso;
(il) pso = psu < pos; and (iii) pg, = pos from both reanalyses
and model data. We choose p¢s as a high-percentile
threshold that provides a number of events (Table 3)
sufficient for statistical significance of the resulting
composites. The 95th and 99th percentiles are thresh-
olds commonly chosen for evaluations of precipitation
extremes in the NAM region (e.g., Arriaga-Ramirez
and Cavazos 2010; Favors and Abatzoglou 2013; Tripathi
and Dominguez 2013). The same filtering used prior
to the EOF analyses (this section and appendix) is
applied to remove the seasonal cycle in all variables

TABLE 3. Values of the 50th, 90th, 95th, and 99th percentile
(mm day ) for surge and nonsurge precipitation (mmday ') in
observed rainfall products (CPC, TRMM), reanalyses (ERA-L,
MERRA), and present-day climate model simulations.

Surges Nonsurges

Dataset Pso D% Pos  Pe  Pso Do Pos P

. . . . CPC 1.0 32 38 50 06 27 32 50

they are associated with over Arizona (as defined in  rym 13 30 35 44 07 24 29 42
Fig. 1a). We define the mean precipitation intensity ps, ERA 06 30 42 60 05 22 34 52
for each surge period as py, = (Pq)/Ng and for each MERRA 12 35 44 53 08 25 30 46
FLOR 07 34 45 69 04 22 34 63

nonsurge period as pns = (Pns)/Nps. Here (-) denotes
area averaging over the Arizona domain defined in

FLOR-FA 04 19 28 48 02 15 22 40
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FIG. 2. (a) Histograms (bin: 0.5mm day ') of precipitation distribution in ERA-I (bars), MERRA (blue), CPC (black), TRMM
(magenta), and model data (scattered dots); (b) percentage contribution within each bin to the total surge precipitation Py, (%);
(c) difference between nonsurge and surge histograms of precipitation distribution.

(see appendix), so all statistics are computed for surges associated with py, <pso only modestly con-
anomalies relative to the summertime climatology. tribute to Py, (=5%) over Arizona (Fig. 2b). GoC
Finally, near-surface winds and humidities, and the surges associated with psy = ps, <pos provide the larg-
midtropospheric large-scale environment during surge est contribution to Py, (=70%-75%). While rare (5%
and nonsurge days are analyzed through composites of the total), GoC surges associated with very intense
of daily means of 10-m moisture fluxes (qu,qv),,,, regional precipitation events (e.g., psy = Pos) explain a
specific humidity giom, saturation specific humidity nonnegligible fraction of total surge-related precipitation
(T, p), and 500-hPa geopotential height. The (~20%). In ERA-I, GoC surges tend to be drier than in
saturation specific humidity is calculated as g* ~ MERRA and CPC (ps)=0.6mmday !vs12mmday '),
0.622¢*/7r, with 7 being the pressure in hPa and e* but tend to generate more high-impact rainfall events
being saturated vapor pressure given by the August— (e.g., pog9 =6 vs Smmday '). Overall, FLOR compares
Roche-Magnus formula e* = 6.112 exp[17.627/(243.12 +  well with observations and reanalyses, although it over-
T)] (WMO 2008). estimates the probability of the most intense rainfall
events. Reduction of SST biases through flux adjustment
(FLOR-FA) increases (decreases) the number of surges
featuring low (high) rainfall percentiles, overall reducing
the mean NAM precipitation.

In the following, we evaluate the model’s capability of During GoC surges, on average, convective rainfall
reproducing both the statistics of GoC moisture surges tends to be more intense compared to that occurring
and associated precipitation and the large-scale patterns during nonsurge days, as evident from the percentile
associated with precipitation events of different intensity. values in Table 3 and the difference between the
nonsurge and surge histograms of the precipitation
distribution in Fig. 2c. Both reanalyses and observa-

The frequency distribution of surge-related mean pre- tions show that intermediate and heavy rainfall (i.e.,
cipitation intensity for CPC, TRMM, ERA-I, MERRA, p>0.5mmday ') is ~20% less frequent during non-
FLOR, and FLOR-FA is shown in Fig. 2a. Values of surge days as compared to surge days. Our findings show
Ds0, P90, Pos, and pey (px denotes the Xth percentile of that widespread rainfall events are on average more
p) are reported® in Table 3. Although quite frequent, intense during GoC surge periods than during nonsurge

periods, providing support to earlier work (e.g., Favors
and Abatzoglou 2013). Overall, FLOR in both config-

Sn p we omit the subscripts “su” and “ns” to simplify the no- urations behaves fairly consistently with reanalyses and

tation when it is obvious from the context if we are referring to ~ Observations in characterizing surge versus nonsurge
surge or nonsurge precipitation. precipitation.

3. Model evaluation of high-intensity precipitation
events

a. Precipitation during surge and nonsurge periods
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F1G. 3. Composites of (a),(c),(e) precipitation (color shading) and 10-m wind anomalies (arrows) and (b),(d),(f) 500-hPa geopotential
height (color shading and green contours) and wind (arrows) anomalies the day after the onset (day 1) of a GoC surge with mean
precipitation intensity pg, < pso. Color shading and wind anomalies are shown only where composites are statistically significant at the 5%
level according to a two-tailed ¢ test. Composites are shown for (a),(b) ERA-I; (¢),(d) FLOR-FA; and (e),(f) FLOR. RMSE, and linear

correlation R relative to (a),(b) and estimated over the domain in the figure are reported for composite fields.

b. Spatial circulation patterns

Composites for GoC surges associated with low rainfall
intensity are shown in Fig. 3 for ERA-I (Figs. 3a,b),
FLOR-FA (Figs. 3c,d), and FLOR (Figs. 3e.f) for
day +1 (i.e., the second surge day), which is the day
when the heaviest precipitation tends to occur. In spite
of a strong anomalous southeasterly flow along the GoC,
negative precipitation anomalies especially over Ari-
zona indicate below-average rainfall. As discussed in
previous studies (e.g., Higgins et al. 2004; Schiffer and
Nesbitt 2012), the presence of an anticyclonic anomaly

at 500 hPa centered over Southern California shifts the
monsoonal ridge westward and induces an anomalous
midtropospheric northerly flow into the Southwest,
which brings in drier, more stable midtropospheric air.
Both FLOR-FA (Fig. 3d) and FLOR (Fig. 3f) capture
the pattern of anomalous 500-hPa geopotential height,
although they both feature a generally weaker tropical
disturbance south of the GoC (Pascale et al. 2016).
Similar patterns are seen in MERRA (see Fig. S1 in the
online supplemental material).

GoC surges associated with psy =< ps, < pos (Fig. 4a)
are characterized by positive precipitation anomalies
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over most of Arizona and surrounding regions (Fig. 4a),
which tend to persist for three to five days. These events
differ from those associated with lower-intensity rain-
fall (Fig. 3) mainly in the position of the midtropospheric
anticyclonic anomaly, which is centered northeast of
New Mexico. This results in a northeastward displaced
midtroposphere monsoonal ridge and, consequently, an
anomalous easterly—southeasterly flow into the mon-
soon region. The cyclonic anomaly to the south of the
GoC (Fig. 4b) is meridionally elongated from 15° to
30°N, and thus is compatible with either a tropical
disturbance (e.g., a tropical storm/cyclone or a tropical
easterly wave, both of which can trigger a GoC surge)
or an upper-level inverted trough occurring simulta-
neously with a GoC surge (e.g., Seastrand et al. 2015).

Both models underestimate the tropical cyclonic
anomaly and do not fully capture its northernmost
extent (Figs. 4b,d,f). In FLOR, this bias is likely to be
attributed to the erroneous southward displacement of
the climatological monsoon high, induced by the model
SST biases (Pascale et al. 2016), which disfavor the
entrance of upper-level inverted troughs into the re-
gion from the Gulf of Mexico (e.g., Bieda et al. 2009;
Finch and Johnson 2010).

GoC surges associated with pg, =pos (Fig. 5) are
characterized by a midtropospheric cyclonic anomaly
located over the northern GoC (Fig. 5b), and an anti-
cyclonic anomaly over the central United States dis-
placed to the east of the Four Corners region (Fig. 1a)
and elongated southward over Texas and the Gulf of
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Mexico. These features are consistent with severe
weather event patterns identified in previous studies
(Maddox et al. 1995; Favors and Abatzoglou 2013;
Mazon et al. 2016). Interestingly, reanalyses and FLOR-
FA (Figs. 5a,c) show no cyclonic anomaly to the south
of the GoC, suggesting that in Arizona intense and
widespread events are primarily determined by synoptic
variability associated with midlatitude Rossby waves
(e.g., Pascale and Bordoni 2016). Contrary to reanalyses,
composites of extreme surge precipitation in FLOR
show evidence of a strong lower-level cyclonic anomaly
to the southwest of the GoC associated with tropical
cyclones (TCs; Fig. 5e). An excessive TC activity in the
eastern North Pacific, and more generally in the whole

North Pacific, is a common bias in FLOR and is tightly
linked to SST biases [Fig. 5 in Vecchi et al. (2014)].
Reduction of SST biases in FLOR-FA improves TC
activity in the eastern North Pacific, resulting in com-
posites of extreme surge precipitation events more in line
with those from reanalyses (Fig. 5c; supplemental
Fig. S3). At 500 hPa, FLOR-FA also better positions the
anticyclonic anomaly over the Gulf of Mexico and the
cyclonic anomaly over the GoC (Figs. 5b,d,f).

4. Influence of CO; forcing on GoC surges

As shown in Figs. 3, 4, and 5, for each precipitation
category, FLOR-FA shows a better agreement with
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reanalyses in terms of RMSE and spatial correlations 13
out of 18 times as compared to FLOR. In section 2b, we
have further discussed the improvements that flux ad-
justment brings to precipitation climatology over North
America [see also Pascale et al. (2017)]. This gives us
confidence to use FLOR-FA to extend our analysis to
the impacts of warming induced by CO, doubling on
GoC surges.

a. Impact on low-level moisture

During surge days, southeasterly near-surface (10m)
moisture fluxes are stronger over the GoC as compared
to nonsurge days, with a stronger convergence especially
over northwestern Mexico and Arizona (CTRL_FLOR-
FA; Fig. 6a). In the 2CO, _FLOR-FA run, moisture fluxes
weaken in the northern GoC and acquire a larger south-
westerly component in the rest of the GoC, likely to
be associated with the increase in the land-sea contrast.
Consistently, convergence of surge near-surface moisture
fluxes is reduced over Arizona and increased over north-
western Mexico (Fig. 6¢). During nonsurge days (Fig. 6b),
similar changes are projected by FLOR-FA, although
there is smaller reduction in moisture convergence over
Arizona (Fig. 6d). The response pattern shown in Fig. 6
over the northern GoC (i.e., north of 28°N) may be af-
fected by the fact that the model configuration places land
grid points where the sea extends in reality. Given a more
realistic representation of the GoC, we might conjecture
that the pattern of positive convergence as well as the
pattern of positive convergence change within the GoC at

about 28°N (Fig. 6a) might have been located at the
northern end of the GoC (Fig. 6¢).

It is important to note that increases in near-surface
moisture flux convergence and in near-surface specific
humidity over land do not necessarily imply more vig-
orous deep convection. In fact, since continental lands
warm more than oceans, increases in near-surface spe-
cific humidity g0, due to moisture transport from
oceans to land may not keep pace with the rise in satu-
ration specific humidity ¢3;,.(T, p) (e.g., Byrne and
O’Gorman 2018). In the NAM region, this may imply a
more unsaturated boundary layer and lower probability
for rising parcels to overcome entrainment of dry mid-
tropospheric air (Adams and Souza 2009), preventing
the development of deep convection. During surge days,
qiom generally increases between 4% and 10% over
Arizona and New Mexico (Fig. 7a) while tempera-
ture rises between 6% and 18% (Fig. 7b). As a result,
4y — qiom increases by approximately 15%-30%, lead-
ing to a more unsaturated low-level environment, espe-
cially over the elevated terrains, where, therefore, the
most substantial surge-rain reductions are expected to
occur (Fig. 8). During nonsurge days, relative increases
in qom are larger than during surge days, partially
offsetting temperature increases and leading to a more
modest increase in g3, — qiom (Figs. 7d-f).

b. Impact on precipitation

Consistent with the pattern of changes of low-level
saturation reductions shown in Fig. 7c, a decrease of
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summertime precipitation is projected by FLOR-FA
during surge days (Fig. 8a). Nonsurge rainfall is also
projected to decline, with a pattern consistent with
that of the changes in g%, — qiom (Fig. 7f), although
reductions are less significant, particularly over Ari-
zona (Fig. 8b). In spite of the substantial reduction of
summertime precipitation (Fig. 9a), an increase in
precipitable water is projected in FLOR-FA, espe-
cially to the north of the GoC, as a result of CO,
doubling and the consequent rise of mean surface

temperature (Fig. 9b). Luong et al. (2017) show that
over the last half a century summertime precipitable
water has on average increased, particularly over
southwestern Arizona and southeastern California, and
they relate this to the observed more extreme character
of NAM precipitation. If we compare the distributions
of daily precipitation peaks occurring anywhere within
the Arizona domain during all surge days for 1990 with
doubled CO, levels, there is a clear indication of more
frequent events above the 99.9th percentile (Fig. 10a).
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Changes in the histograms are statistically significant
as per a two-sample Kolmogorov—Smirnov test at the
0.1% level. This suggests that, regardless of where
they take place, localized intense rainfall events may
become more frequent in the Arizona domain dur-
ing surge days. Furthermore, Fig. 10a also shows a
reduction in the frequency of intermediate-to-high
intensity surge events, consistent with the substan-
tial and statistically significant precipitation decrease
shown in Fig. 8a. Similarly, localized nonsurge con-
vective rainfall is projected to become less intense,
that is, more frequent at low-intensity values and
less frequent at intermediate-to-high intensity values
(Fig. 10b). Unlike surge rains, there is no evidence
from Fig. 10b that localized, high-intensity nonsurge
convective rainfall will become more frequent under
CO; doubling.

A more detailed regional view of the potential impact
of CO, forcing on surge and nonsurge precipitation
events of different intensity is provided in Fig. 11 with
a quantification of the statistical significance. Surge
rains that are more strongly affected by CO, forcing are
those of intermediate-to-high intensity (pso =<p < poo;
Fig. 11c). Precipitation events within this category are
expected to experience substantial and significant re-
ductions over most of the North American Southwest.
Reductions of surge rain at py, < pso are significant over
the Sonoran Desert and southern Arizona, but statis-
tically insignificant elsewhere (Fig. 11a). At the high
end, Fig. 1le suggests that most of the changes in
rainfall totals from extreme surge rains (p = pgy) are
broadly statistically insignificant, except for limited
areas in western Arizona and to the north of the GoC.
The precipitation response seen during nonsurge days
is fairly consistent with that during surge days, although
projected changes are less statistically significant for
most percentiles (pns <pog; Figs. 11b,d). In particular,
at the highest percentiles (p = pyy), nonsurge rainfall
decreases in response to CO, forcing (Fig. 11f), espe-
cially over elevated terrains in Arizona (i.e., Mogollon
Rim) and northwestern Mexico (i.e., Sierra Madre
Occidental).

c. Impact on the large-scale midtropospheric flow

As discussed in section 3, the position and strength of
the monsoonal ridge is a primary large-scale control on
the intensity and spatial extent of NAM precipitation.
We therefore explore how possible changes in the
monsoonal ridge due to greenhouse gas forcing are re-
lated to precipitation changes discussed in the previous
subsection. Summertime changes in the mean 500-hPa
geopotential height in 2CO, _FLOR-FA relative to
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CTRL_FLOR-FA are shown in Fig. 12. As expected, in
response to CO, doubling, the 500-hPa geopotential
height generally rises, owing to the warming and ther-
mal expansion of the lower-to-middle troposphere
(e.g., Christidis and Stott 2015). To the first order, this
causes an expansion of the ridge. An expansion of
the monsoonal ridge has been associated by Lahmers
et al. (2016) with a southward displacement of the
upper-level inverted troughs and thus with a reduced role
of these disturbances in the initiation and organization of
monsoon convection over Arizona. To a second order,
the positive 500-hPa geopotential height anomalies are
not spatially uniform, but tend to be larger on the west
side of the monsoonal ridge (Fig. 12). A consequence

PASCALE ET AL.

7961

a 2CO2 FLOR-FA - FLOR-FA
0.05 + ' ' ' . . ' ' .

0.04 L

0.02 I
0.00 L

|| e ||
= =y
(72}
QC) oo 60 80 100 120 140 160
© gridpoint precipitation intensity (mm/day) r
0.02 + T T T T T T T T
0 20 40 60 80 100 120 140 160
gridpoint precipitation intensity (mm/day)
EEE surge
b I non-surge
0.14 4 L L ! ! ! L L L
0.12 L
0.10 3
0.08 L
0.06 3
=
2 0.04 L
[0) 60 80 100 120 140 160
kel

gridpoint precipitation intensity (mm/day)

0.02

0.00

-0.02

-0.04

-0.06 T T T T T T T T
0 20 40 60 80 100 120 140 160

gridpoint precipitation intensity (mm/day)

FIG. 10. Change (2CO,_FLOR-FA minus CTRL_FLOR-FA) in
the distribution of maximum daily precipitation within the Arizona
domain (Fig. 1a) during (a) surge and (b) nonsurge days. The insets
in (a) and (b) zoom over values larger than 99.9th percentile in the
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of the pattern shown in Fig. 12 is a westward shift in the
climatological position of the monsoonal ridge. This
westward displacement might support stronger sub-
sidence over western Arizona, an anomalous northerly
flow over northwestern Mexico that could further divert
southward upper-level inverted troughs, and an overall
drier NAM (Fig. 11). Composites of 500-hPa geopotential
height for surge/nonsurge days (Fig. 13) further detail
changes in the midtroposphere during low, medium,
and high precipitation events. During GoC surge
events featuring pg, < pso, 500-hPa geopotential height
anomalies are collocated with the 500-hPa geopotential
height itself (Fig. 13a), implying an intensification of
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FIG. 11. Mean change (2CO, FLOR-FA minus CTRL_FLOR-FA) in accumulated precipitation during (top) surge and (bottom)
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(pso <p <pg); and (e),(f) extreme precipitation intensity (p > pgg). Blue contours denote the mean CTRL_FLOR-FA values, and
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the monsoonal ridge and hence stronger subsidence,
consistent with precipitation reductions therein (Fig. 11a).
Changes in the monsoonal ridge during GoC surge
events featuring psy < ps, < pgy are characterized by a
local minimum of 500-hPa geopotential height anoma-
lies collocated with the monsoonal ridge (Fig. 13b) and
the consequent weakening of the southeasterly mid-
tropospheric flow around its southern flank (black ar-
rows in Fig. 13b). As this southeasterly flow is crucial for
advecting moisture from the Gulf of Mexico into the
Southwest, the change in 500-hPa geopotential height is
consistent with the reduction in precipitation shown in
Fig. 11. Figure 13c shows no statistically significant
changes in 500-hPa geopotential height over the western

United States, which may imply that anomalies in surge
rains at pg, > pgy seen in Fig. 11e are not attributable to
dynamically driven changes in the midtropospheric flow,
but instead arise solely because of increased precipitable
water. During nonsurge precipitation events, 500-hPa
geopotential height anomalies (Figs. 13b,d,f) generally
feature a ridging over the western United States, similar
to the mean summertime 500-hPa geopotential height
anomalies shown in Fig. 12.

5. Discussion

Under CO, doubling, both FLOR and FLOR-FA
suggest no significant changes in the mean number of
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GoC moisture surges per year (Table 2). The main trig-
gers of GoC surges are tropical easterly waves and TCs
passing to the south of the GoC (e.g., Fuller and Stensrud
2000). Recent studies show that the preferred track of
TCs (e.g., Bengtsson et al. 2006; Murakami et al. 2012)
and tropical easterly waves (e.g., Serra and Geil 2017)
over Central America and the eastern Pacific may shift
southward in future high-emission projections. In princi-
ple, everything else being held equal, a southward shift of
these easterly disturbances could reduce the number of
GoC surges, and thus directly impact rainfall patterns
over Arizona. Analyses of the 850-hPa high-passed
(2-6 days) meridional wind in present-day and CO,
doubling conditions reveal a minimal southward shift in
the tropical easterly wave track in both FLOR and
FLOR-FA (not shown). Comparison of sea level pres-
sure and 850-hPa geopotential composites (not shown)
suggests that in 2CO, _FLOR-FA there is no significant
southward shift of the cyclonic anomaly associated with
GoC surges [e.g., Fig. 5 of Pascale et al. (2016)], con-
sistent with no changes in their mean number.
Although our numerical experiments show that the
total number of GoC surges is not significantly affected by
CO, doubling, changes in the mean atmospheric back-
ground environment are likely to impact the initiation and
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the intensity of convective activity during surge days.
Low-level moisture fluxes associated with GoC surges as
well as their convergence over land to the east of the GoC
(Fig. 6) are projected to intensify as a result of a warmer
atmosphere. The low-level moisture increases, however,
are not matched by the larger increments in the near-
surface saturation specific humidity, dictated by amplified
land warming (e.g., Byrne and O’Gorman 2018), and thus
make GoC surges more ineffective in saturating near-
surface air. These conclusions further support the results
in Pascale et al. (2017), who showed that, under CO,
doubling, increased mean lower-atmospheric stability is
associated with a reduction of the NAM rainfall. Besides
these thermodynamic changes, here we further document
that nonuniform changes in the mean midtropospheric
geopotential height result in an expansion and westward
displacement of the monsoonal ridge (Fig. 12) and, during
GoC surges, in a weakened southeasterly flow along its
southern flank (Figs. 13c,d). Stronger ridging over the
western United States is projected also by CMIPS models
(e.g., Maloney et al. 2014) and is expected to reduce
synoptic variability over the western United States, thus
favoring the conditions for more persistent anticyclones
(Brewer and Mass 2016). In spite of the more unfavorable
atmospheric background, which may reduce the mean
surge precipitation (Fig. 8) and shift the mean intensity of
surge rainfall toward lower percentiles, we do find that the
intensity of localized precipitation within the Arizona
domain (Fig. 1a) is projected to increase (Fig. 10a). The
increase in the frequency of localized high-intensity pre-
cipitation (Fig. 10a) is consistent with the projected in-
crease in precipitable water (Fig. 9b). Projections in mean
precipitation, precipitable water, and precipitation ex-
tremes in FLOR-FA are consistent with trends that have
been observed over the last six decades in western Ari-
zona (Chang et al. 2015; Luong et al. 2017).

A caveat worth mentioning is that extreme precipita-
tion changes are generally underestimated in FLOR as
compared to its 25-km counterpart (van der Wiel et al.
2016); thus, here we may be underestimating changes for
GoC surges leading to extreme precipitation. Additional
clarifications to our results that need to be emphasized
are (i) we have not tried to investigate short-term (i.e.,
hourly) precipitation extremes during GoC surges, for
which convection-permitting models would be necessary;
(ii)) FLOR underestimates the local evaporative contri-
bution of the northern GoC (missing these factors, we
may be underestimating the moisture supply to these
regions and, possibly, the magnitude of precipitation ex-
tremes; e.g., Schmitz and Mullen 1996; Berbery 2001;
Mitchell et al. 2002; Erfani and Mitchell 2014); and
(iii) upper-level inverted troughs (e.g., Bieda et al. 2009;
Finch and Johnson 2010; Lahmers et al. 2016), which are



7964 JOURNAL OF CLIMATE VOLUME 31
< <p< >
P Qo go P 89 P 89
a e surge
N
40N 40N 40N + >~ j
' X Ja
85 OGN LA
30N 30N 30N f <em s = .
00 P NCERS
=5 NN
20N 20N 20N pRviL S B\ias
VAVIRN . —
TS A mg”
S P
1ON 10N B E— 10N T T T T
120W 110W 100W 90W 120W 110W 100W 90W
b d non-surge f non-surge

40N 40N
30N 30N
20N 20N
10N 10N

120W 110W 100W 90W
52 54 56 58 60 62 64

120W 110W 100W 90W
52 54 56 58 60 62 64

120W 110W 100W 90W

32 40 48 56 64 72 80
<{TTTT T T >

53 55 57 59 61 63 53 55 57 59 61 63 36 44 52 60 68 76
m m m

FIG. 13. Mean 500-hPa geopotential height (color shading) and wind (vectors) change (2CO,_FLOR-FA minus CTRL_FLOR-FA)
during (top) surge and (bottom) nonsurge days between 21 Jun and 30 Sep for (a),(b) low precipitation intensity (p <pso); (c),
(d) intermediate-to-high precipitation (ps) <p < pg9); and (e),(f) extreme precipitation intensity (p > pgg). White contours denote the
mean CTRL_FLOR-FA values. Differences are shown only where they are statistically significant at the 95% level on the basis of a ¢ test

(only affects p > pgy).

another important synoptic forcing in addition to gulf
surges, have not been included in this study. However, we
do find that GoC surges leading to the heaviest and most
widespread precipitation are those occurring simulta-
neously with the passage of an upper-level inverted
trough over the northern NAM region (Fig. 5).

6. Conclusions

Using FLOR-FA, a 50-km horizontal resolution
GCM, we have shown that the mean number of GoC
surge events per monsoon season does not change un-
der CO, doubling. Nevertheless, our simulations indicate
that the monsoonal rainfall will be reduced over Arizona

because surge-related intermediate-to-high intensity pre-
cipitation will be reduced. We further show that these
changes are associated with (i) a decrease in the relative
humidity of near-surface air due to amplified land warming
(Figs. 6 and 7), which decreases the probability for rising
parcels to overcome the entrainment of dry midtropo-
spheric air (Adams and Souza 2009), thus inhibiting deep
convection, and (ii) a nonuniform expansion of the mon-
soonal ridge, which weakens the easterly flow along the
southern flank of the monsoonal ridge (Fig. 13c), reducing
easterly wind shear (e.g., Bieda et al. 2009; Newman and
Johnson 2012) and moisture transport from the Gulf of
Mexico, thus favoring a more stable atmosphere (Pascale
et al. 2017). The distribution of daily precipitation peaks
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occurring anywhere within the Arizona domain shifts
toward more extreme values for values larger than the 99.9th
percentile, consistent with precipitable water changes. Ad-
ditionally, convective rainfall not occurring during surge
days is also expected to decrease but with no significant
changes for the most intense rainfall events.

What our study suggests for Arizona and the surround-
ing areas is a more arid summer, but with the possibility of
more high-impact precipitation events. Given the more
arid conditions, extreme rainfall may be even more dam-
aging because of the higher impermeability of dry land.
As a consequence, improved adaptation measures might
be required to cope with the projected reduced and more
extreme monsoon rainfall due to higher levels of green-
house gas concentrations. While the conclusions reached in
this study are based on a single GCM, this GCM (FLOR)
has been the first one to be shown to realistically represent
GoC surges (Pascale et al. 2016). As increasing horizontal
resolution in state-of-the-art GCMs will soon reach 50 km
or higher, new comparative, process-based studies will be
possible and allow for a better quantification of the un-
certainty associated with the NAM response to global
warming. Furthermore, efforts are underway at NOAA/
GFDL to develop high-resolution stretched global grid
modeling (Harris et al. 2016) and to integrate two-way
nested convection-permitting models into global models
used for seasonal and decadal prediction (Harris and Lin
2014). Hence, focus on short-term (i.e., hourly) precipi-
tation extremes occurring during the NAM season will
soon be pursued in future studies.
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APPENDIX

Surge Identification Algorithm

To identify ‘“‘surge’” and ‘‘nonsurge’ periods, we
determine the leading standardized principal compo-
nents (PCs) through an EOF analysis of the temporal
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covariance matrix of the summertime ‘‘alongshore”
GoC near-surface wind anomalies. This is defined as the
component of the 10-m wind anomaly over the GoC
parallel to its axis (Fig. 1). Wind anomalies, as well as
anomalies of all other variables analyzed in this paper,
are obtained by applying a Lanczos high-pass filter
(Duchon 1979) with a cutoff frequency of 100 days (e.g.,
Kikuchi and Wang 2009) and by removing the mean
and linear trends from the time series for the period
21 June-30 September.

PC1 is highly correlated with the domain-averaged
alongshore wind anomalies, and EOF1 corresponds to
a mode with strong, northward near-surface wind anom-
alies over the whole GoC; PC2 is highly correlated
with the difference between the northern and south-
ern domain-averaged alongshore wind anomalies, and
EOF?2 describes a mode with northward and southward
alongshore near-surface wind anomalies in the northern
and southern GoC, respectively. As explained in Pascale
and Bordoni (2016), in most cases a large PC1 peak is
followed by a large PC2 peak, a sequence that describes
the life cycle (northward propagation) of a major surge.
Less frequently, peaks in PC2 occur without corre-
sponding peaks in PC1: these represent more localized
GoC surges (minor surges, e.g., Adams and Comrie 1997)
originating in the middle of the GoC and are often as-
sociated with upper-level inverted troughs (Bieda et al.
2009; Finch and Johnson 2010).

“Surge” periods are identified by determining the
days for which either PC1 or PC2 is above 0.75 (i.e., 75%
of its standard deviation). The last day of a surge event
and the onset of a successive one have to be separated by
at least one nonsurge day, for which PC1 and PC2 are
both less than 0.75. This approach is able to capture both
major and minor surge events, which differ in their
spatial extent along the GoC. While the 0.75 threshold is
somewhat arbitrary, results with slightly different
threshold values are not substantially different. It is only
for large threshold values (e.g., 1.5) that results differ
substantially, with a sharp decrease in the number of
identified surges (Pascale and Bordoni 2016).
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