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insolation, and summer surface temperatures can be
extremely hot, often exceeding 40°C.

The combination of seasonally warm land surfaces
in lowlands and elevated areas together with atmo-
spheric moisture supplied by nearby maritime sources
is conducive to the formation of a monsoonlike sys-
tem. With the exception of Ramage (1971), most au-
thors regard this circulation as a “true” monsoon, based
on seasonal reversal of pressure and wind patterns,
energy and mass transfers, and characteristic regimes
of rainfall and temperature (e.g., Bryson and Lowry
1955a; Krishnamurti 1971; Tang and Reiter 1984;
Douglas et al. 1993). Two points are worth noting with
respect to our coverage of the NA monsoon: first, sea-
sonal wind direction changes over the North Ameri-
can Arctic might technically be considered a monsoon,
but we exclude this feature; second, the term “North
American monsoon” has been applied to a more ex-
tensive phenomenon that we do not explicitly cover,
which includes the wet season over Central America
and even the seasonal displacement of the intertropi-
cal convergence zone (ITCZ) over the eastern Pacific
Ocean, for example, in the Pan-American Climate
Studies program (PACS 1996).

2. Historical perspective

Historically, research interest in the NA monsoon
has its roots in the peculiar distribution of summer
precipitation in this arid and semiarid region of North
America. Figure 2 illustrates monthly rainfall distri-
butions for various sites across the region, many of
which display the characteristic NA monsoon mid- to
late summer rainfall maximum following extremely
dry conditions in May and June. Early researchers
noted that July and August thunderstorms were abun-
dant in the uplands of Arizona and western New
Mexico, and relatively infrequent to the west in south-
ern California (Campbell 1906; Beals 1922; Blake
1923). However, the origin, frequency, and distribu-
tion of this warm season convective activity were not
seen as necessarily linked to some larger-scale regional
control. In fact, it was this curious distribution of warm
season precipitation (nearly absent in southern Cali-
fornia and quite frequent in elevated zones of central
Arizona) that spurred much of the original research
that would attempt to clarify the general character of
the summer circulation of the desert Southwest (Reed
1933, 1937, 1939). For example, the infrequent sum-
mer thunderstorms of the California deserts, some-

times referred to as “Sonora storms” (Campbell 1906),
were first thought to have their origin in the Mexican
state of Sonora, from where they would travel north-
westward to southern California. The proximity of
Sonora to Arizona made this northward movement
plausible for convective storms in Arizona, but the
distance to California and the localized nature of the
storms once in California seemed to negate this pos-
sibility (Blake 1923). Another explanation suggested
that the intensification and movement of the semiper-
manent thermal low pressure over the Colorado River
valley were responsible for widespread rain in Arizona
and California (Beals 1922). Others, too, believed that
a relationship existed between the intense thermal low
and summer thunderstorms in the region (Ward 1917;
Blake 1922; Willett 1940). It was suspected that the
resulting pressure gradient would draw Gulf of Cali-
fornia moisture northward, enhancing instability and
increasing convective activity in the mountains and
deserts of the southwestern United States. Remark-
ably, the notion of the Gulf of California as a mois-
ture source for NA monsoon precipitation would not
appear prominently in the literature again until several
decades later.

FIG. 2. Seasonal distribution of precipitation across southwestern
North America. Note that northwestern Mexico shows the
strongest monsoon signal, which diminishes through Arizona,
New Mexico, and Nevada. Northeastern Mexico and Texas
display early summer–late fall precipitation peaks, while the West
Coast has a dry summer Mediterranean distribution (vertical axis
of all graphs represents 180 mm with 20 mm increments). Areas
south of the broken line receive greater than 50% of their annual
rainfall in July, August, and September (after Douglas et al. 1993).

The North American Monsoon

source: Adams & Comrie, 1997
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Basin desert of Nevada and Utah as a result of mon-
soonal pressure gradients. This corresponds closely to
ideas put forth by Brenner (1974), Hales (1974), and
Houghton (1979). Likewise, moisture is transported
east of the Continental Divide by a low-level jet from
the Gulf of Mexico. The moisture is moved up the
Continental Divide as a result of interior plateau heat-
lows, thereby increasing convective activity (Fig. 5).
These ideas are in agreement with the postulated dual
moisture source for the NA monsoon, and they indi-
cate that the Continental Divide may be important in
determining low-level moisture trajectories.

b. Distribution of air masses
Several of the aforementioned studies have also

described the NA monsoon as a contrast between dry
and moist air masses in the southwestern United States
and northwestern Mexico. The moist air mass, char-
acterized as a moist tongue moving north from
Mexico into the southwestern United States, is
bounded to the north and west by drier air from the
Pacific subtropical high (Bryson and Lowry 1955a,b).
The zone of interaction between the air masses has
been viewed as a definite, but shifting, boundary that
exists between the moist air mass brought in by the
westward extension of the Bermuda high and the drier
eastern-Pacific air (Bryson and Lowry 1955a,b;
Mitchell 1976; Moore et al. 1989; Adang and Gall
1989; Watson et al. 1994a). For example, while the
transition from dry to moist air masses at the onset of
the monsoon season is not always rapid, it has been
shown to occur in as short a period as a few hours
(Nastrom and Eaton 1993). In addition, gradients in
temperature, water vapor content, and winds similar
to those of a quasi-stationary, midlatitude front be-
tween the moist tongue and dry air have also been
observed (Moore et al. 1989; Adang and Gall 1989).
The boundary of this moist tongue has been described
as shifting spatially in agreement with the westward-
expanding Bermuda high (Bryson 1957a; Trewartha
1981; Tang and Reiter 1984; Harrington et al. 1992),
from eastern New Mexico in June to western New
Mexico and central and eastern Arizona by July. East-
ern California and western Arizona are under its in-
fluence by August. Climatologically, this boundary

FIG. 6. Frequency (in percent of total hours) of cloud-top
temperatures less than −38°C for June, July, and August of 1985–
92, derived from averaged hourly infrared GOES imagery
(adapted from Douglas et al. 1993). Shaded regions delineate areas
of systematic deep convection.
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! Fig. 1 Multi-model average precipitation % differences (colors) for periods 2070–2099 (A2) minus
1970–1999 (20C) averaged over longitude for the monsoon regions, shown month versus latitude.
Black contours represent climatological precipitation for each region (interval 1 mm/day, from 1–12,
with heavy lines for precipitation greater than 2 mm/day). Areas of significant change are stippled

over longitude (Fig. 2a). The precipitation reduction is stronger and extends deeper
into the rainy season over land (Fig. 2b), while the late rainy seasons (Feb–Mar,
Aug–Oct) show clear strengthening of summer hemisphere rainfall.

Can this global-scale shift in the timing of tropical precipitation be understood
in terms of the remote and local mechanisms outlined above? Recall the remote
mechanism is related to increased stability that results from a warmer tropical
troposphere. Gross stability of the tropical tropospheric is the difference between
MSE in the poleward flow at upper levels and the low-level equatorward flow (Held
2001). The moist static energy includes the effects of temperature and moisture
and is defined MSE = DSE + Lq, where the dry static energy is defined DSE =
cpT + gZ , and cp is the specific heat at constant pressure, T is the layer temperature,
g is gravity, Z is geopotential height, L is the latent heat of evaporation, and q is
specific humidity. Because there is little water vapor in the flow aloft, the MSE in

a

d

b

c

%

Kj/Kg

Fig. 2 Multi-model differences for periods 2070–2099 (A2) minus 1970–1999 (20C) averaged over
longitude globally (left) and for land only (right), shown month versus latitude for % precipitation
(colors) and precipitation climatology for period 1970–1999 (black contours, interval 1 mm/day, from
1–12) (a, b), and vertical gradient of moist static energy (200–850 hPa MSE, Kj/Kg), where positive
differences indicate increased tropospheric stability (brown) and with black contours showing %
precipitation changes (c, d). Areas of significant change are stippled
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How does the NAM respond to +GHG forcing in 
the CMIP5 experiments (historical vs RCP 8.5)?

Are these shifts consistent with stability changes 
due to atmospheric warming and changes in 

surface moisture?

How well do CMIP5 models simulate the NAM?
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long equilibrium control run with fixed pre-industrial forcings. The RCP 8.5 simulation is

one of a suite of future GHG forcing scenarios with relatively high GHG concentrations,

designed so that anthropogenic radiative forcing will be approximately 8.5 W m-2 by 2100.

Initial conditions for the RCP 8.5 scenario start from the end of the historical runs. We

restricted our analyses to those models that reproduced the seasonality of precipitation

over the NAM core region in the historical scenarios, based on a comparison with the

GPCC data.

To assess the response of the NAM to GHG forcing, we used precipitation rate (mm

day-1), ET (mm day-1), and moist static energy (MSE) budgets (kj kg-1) at the surface and

700 hPa. The difference between the MSE of a rising parcel (which becomes saturated at

the lifting condensation level) and the saturated MSE at a given height in the free atmo-

sphere is proportional to the parcel’s thermal buoyancy at that height [e.g., Khairoutdinov

and Randall , 2006; Randall , 2012]. If the MSE of a rising, saturated parcel exceeds the

saturated MSE of the free air environment, the parcel will have positive buoyancy, and the

column will be unstable and favor convection and precipitation. For MSE at the surface,

representing the saturated parcel, we calculate:

MSEsurf = CpT2m + Lvq2m (1)

where Cp is the specific heat of dry air at constant pressure, T2m is the 2-meter surface

air temperature, Lv is the latent heat of vaporization, and q2m is the surface specific

humidity. For MSE of the free atmosphere, we use saturated MSE at 700 hPa (the lifting

condensation level in these models was generally below 700 hPa):

MSE∗

700 = CpT700 + Lvq
∗

700 + gz700 (2)
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The North American Monsoon (GPCC, 1980-1999)
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Total Change, Monsoon 
Season (Jun-Oct): -2%

Total Change, Annual 
Total: -26%
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Physics consistent with expected change to 
atmospheric stability

Model wet biases?

CMIP5 models show changes in the NAM 
consistent with other monsoon areas
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