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ABSTRACT

The origins and transport of water vapor into the semi-arid Sonoran Desert region of southwestern North
America are examined for the July—August wet season. Vertically integrated fluxes and flux divergences of
water vapor are computed for the 8 summers 1985—1992 from ECMWF mandatory level analyses possessing a
spectral resolution of triangular 106 (T106).

The ECMWEF analyses indicate that transports of water vapor by the time-mean flow dominate the transports
by the transient eddies. Most of the moisture at upper levels (above 700 mb) over the Sonoran Desert arrives
from over the Gulf of Mexico, while most moisture at low levels (below 700 mb) comes from the northern Gulf
of California. There is no indication of moisture entering the Sonoran Desert at low levels directly from the
southern Gulf of California or the tropical East Pacific. Water vapor from the tropical East Pacific can enter the
region at upper levels after upward transport from low levels along the western slopes of the Sierra Madre
Occidental of Mexico and subsequent horizontal transport aloft.

The T106 ECMWEF analyses, when only the mandatory level analyses are used, do not possess sufficient
resolution to yield accurate estimates of highly differentiated quantities such as the divergence of the vertically
integrated flux of water vapor. Even at a T106 resolution, the northern Gulf of California and the terrain of the
Baja California peninsula are not adequately resolved.

1. Introduction

As the boreal solstice approaches, the North Pacific
High builds off the west coast of North America, relin-
quishing much of its influence on the Sonoran Desert
region of the SW United States and NW Mexico. (Fig-
ure 1 shows a map with the geographical regions re-
ferred to in this paper.) Simultaneously, the Bermuda
high thrusts northwestward into the region, and the
time-mean midtropospheric (500-700 mb) flow backs
from WNW during May and June to SSE during July
and August. Concurrent with the wind shift, precipi-
table water and convective activity over the region in-
crease dramatically. Consideration of the change in the
prevailing wind and the geographical distribution of
land—sea boundaries led many earlier researchers
(Reed 1993; Jurwitz 1953; Bryson and Lowry 1955;
Reitan 1957) to conclude that the summertime mois-
ture over the Sonoran Desert is transported from the
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Gulf of Mexico, along the western flank of the Ber-
muda High.

An analysis of the water vapor transport over
North America by Benton and Estoque (1954), how-
ever, suggested another source of summertime mois-
ture situated to the west of the Continental Divide,
separate from the larger flux from the Gulf of Mex-
ico. More evidence of a Pacific source of moisture
came from Rasmusson (1967), whose analysis
showed that water vapor east of the divide clearly
originates from the Gulf of Mexico/Caribbean Sea,
while moisture over the Sonoran Desert appears to
originate from the Gulf of California. The issue of
moisture from the tropical East Pacific was not
resolved because neither analysis extended into
Mexico.

Hales (1972, 1974 ) proposed that moisture over the
Sonoran Desert comes in the form of short-lived, low-
level surges up the Gulf of California. Brenner (1974)
concurred, adding that these surges appear to be inde-
pendent from the large-scale circulation. Both Hales
and Brenner expressed skepticism that moisture from
the Gulf of Mexico could pass over the Sierra Madre
Occidental range and still make significant contribu-
tions to the precipitable water over the Sonoran Desert.
Sellers and Hill (1974), on the other hand, maintained
that monsoon moisture comes primarily from the Gulf
of Mexico.
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FiG. 1. Geography of the SW North American region showing
locations mentioned in the text. Stipled region indicates portion of
the Sonoran Desert emphasized in this analysis. We have excluded
that portion over the Baja peninsula. The greater Sonoran Desert, or
Desert Southwest will be used to refer to the broader region surround-
ing the Sonoran Desert.

Reyes and Cadet (1986, 1988) examined moisture
flux over the tropical Americas during the period May—
August 1979. They proposed that the intensification of
the South Pacific anticyclonic gyre propels low-level
moisture across the equator toward western Mexico.
Once there, it could reach the Sonoran Desert either at
low levels as a result of southeasterly gulf surges or at
midlevels after convective mixing with midtropo-
spheric moisture from the east and subsequent transport
northward around the western flank of the subtropical
ridge. Their description stressed the importance of both
Gulf of Mexico and tropical East Pacific moisture
sources and the coupling of the two through convective
transport. A

Recent research using data from special field pro-
grams provides further evidence for a low-level flux of
water vapor along the Gulf of California (Badan-Dan-
gon et al. 1991; Douglas et al. 1993). Contrary to the
short-lived surges proposed by Hales (1972, 1974 ) and
Brenner (1974), these studies reveal a persistent trans-
port of moisture along the Gulf of California by the
time-mean wind. Douglas et al. (1993) also show that
relatively dry air at midlevels is advected from east of
the Sierra Madre Occidental toward western Mexico,
and they argue that most of the moisture over the Sono-
ran Desert comes from the tropical East Pacific Ocean
or directly off the Gulf of California.

To this day, two fundamental issues remain unre-
solved: 1) the relative importance of the Gulf of Mex-
ico, the Gulf of California, and the eastern tropical Pa-
cific as moisture sources for the Sonoran Desert, and
2) the primary means by which the moisture is trans-
ported into the region. The issues are of more than ac-
ademic interest, they also have operational implications
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if seasonal precipitation forecasts for the region during
the summer are ever to be realized. Hence, we believe
that the need exists to examine these issues further.

To provide insight into these questions, this paper
presents results from a diagnosis the moisture flux and
water vapor balance over SW North America and ad-
jacent ocean environs for the July— August period using
a multiyear, high-resolution dataset produced by a
modern-day atmospheric forecast/analysis system. Al-
though the Desert Southwest has been inciuded in
many prior investigations of the transport and balance
of water vapor, most were based on only a single
month, season, or year of data (Benton and Estoque
1954; Starr and Peixoto 1958; Starr et al. 1965; Reyes
and Cadet 1988; Trenberth 1991). The question of rep-
resentativeness arises in view of the intraseasonal and
interannual variability that characterizes the region
(Carleton 1985, 1986; Carleton et al. 1990). A few
multiyear climatologies that included SW North Amer-
ica exist, but these often concerned themselves with
differences among the annual means (e.g., Rosen et al.
1979). Even when winter and summer regimes were
explicitly contrasted, conditions for June, July, and Au-
gust are usually averaged to represent the summer
mean (Oort 1983; Peixoto and Oort 1992; Roads et al.
1994). Because June conditions are so drastically dif-
ferent from those of July and August (Douglas et al.
1993), its inclusion would distort the flow patterns of
“‘wet’’ phase of the monsoon. Moreover, all of these
studies relied either on radiosonde data that effectively
ignores the adjacent oceanic regions, or on gridded
datasets having resolutions much too coarse to resolve
the Gulf of California, a postulated source of moisture
for the Sonoran Desert.

As a means to address the problem using modern-
day atmospheric analyses possessing finer spatial and
higher temporal resolutions than in previous studies,
this work utilizes the global analyses from the Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF) to compute an 8-year climatology of the
water vapor flux and balance associated with the sum-
mer phase of the North American Monsoon. No such
analysis focusing on the semi-arid Sonoran Desert has
been done using ECMWEF analyses.

This paper is organized as follows. Sections 2 and 3
describe the ECMWF analyses and the methodology,
respectively. Section 4 provides a brief overview of the
climatology for the region of interest. Results for the
transport of water vapor and its flux divergence are
presented in section 5. Conclusions and future research
directions are discussed in section 6.

2. Data

Uninitialized global analyses produced by the
ECMWEF are used in this study. The analyses were ob-
tained from the National Center for Atmospheric Re-
search (NCAR). Analyses are available four times
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daily (0000, 0600, 1200, and 1800 UTC) for the sur-
face and 14 mandatory levels from 1000 to 10 mb (the
recently added 925-mb level is not included). The
spectral truncation for the ECMWF analyses is trian-
gular 106 (T106). Analyses at ECMWF are now per-
formed at T213, but these were not contained in the
NCAR archives at the time of this study.

The spectral coefficients for all available analyses for
the period July and August, 1985—-1992, are first trans-
formed to a Gaussian grid having a spacing of approx-
imately 1.125° 1at X 1.125° long. To limit the data stor-
age requirements and allow for processing on local
workstations, only a subset of the globe covering the
region of interest, bounded approximately (to the near-
est five degrees) by 5°-50°N, 75°-130°W inclusive
was transferred to The University of Arizona for anal-
ysis. Since virtually all of the water vapor in the at-
mosphere occurs below 200 mb, only analyses for the
surface and eight lowest mandatory levels (1000, 850,
700, 500, 400, 300, 250, 200 mb) are included in the
calculation.

Because the ECMWF analyses are operational, they
undergo continuous changes in the data analysis pro-
cedures. These changes can produce temporal trends
and discontinuities that could impact long-term cli-
matic means and eddy statistics (e.g., Trenberth and
Olson 1988). Moreover, the divergent wind compo-
nent, vertical velocity, and moisture, the three crucial
quantities required to compute an accurate moisture
budget, are the fields most adversely affected (Tren-
berth and Olson 1988). Furthermore, over data sparse
regions, such as the oceans and to a lesser degree over
Mexico itself, analysis quantities are largely deter-
mined by the first-guess forecast fields even at the syn-
optic hours of 0000 UTC and 1200 UTC. Clearly the
validity of any conclusions drawn using the ECMWF
analyses depends critically on their integrity.

While it is very difficult, if not impossible, to deter-
mine precisely the fidelity of the ECMWF analyses,
estimates of the uncertainty can be obtained. The un-
certainty in the derived water vapor budgets and mois-
ture fluxes can be estimated assuming the wind and
specific humidity at each grid point have an accuracy
comparable to radiosonde data. This clearly denotes a
lower bound estimate of the uncertainty. Thus, when-
ever a budget value is less than that due to the analysis
uncertainty, the budget value must be considered insig-
nificant. A crude consistency check can also be made
by comparing our results for the T106 ECMWF anal-
yses to previous results based solely on the analysis of
radiosonde data.

3. Analysis procedures

a. Vertically integrated, atmospheric flux of water
vapor

To illustrate the water vapor transport for the mon-
soonal period, vertically integrated moisture flux vec-
tors (Q) can be computed:
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where ¢ is specific humidity, V is the horizontal wind
vector, py. is the surface pressure, and p,, is the pres-
sure at the top of the atmosphere. It is also of interest
to compare the transport at low levels to that at higher
levels. To examine this, the moisture flux for the at-
mospheric layers above and below 700 mb, and the
exchange of water mass between them, are considered.
In this case, transport vectors are computed by inte-
grating (1) from the surface to 700 mb and from 700
to 200 mb, respectively. The exchange of moisture be-
tween these two layers is represented by the vertical
flux through the 700-mb level.

b. Atmospheric water vapor balance

The general balance equation for atmospheric water
vapor can be expressed as

E_p:a_w_,_v.Q_M’

Py P (2)

where w is the pressure vertical velocity, F is evapo-
ration per unit area, P is precipitation per unit area, and
W is the precipitable water defined by

Pstc dp
q—.
Prop g

All other symbols have their usual meteorological
meaning. A complete derivation of the general water
vapor balance equation is given in the appendix. Equa-
tion (2) states that the difference between evaporation
and precipitation at the earth’s surface equals the sum
of the local change in precipitable water, the divergence
of the vertically integrated horizontal water vapor flux,
and the vertical water vapor transport through the top
of the atmosphere. The last term of Eq. (2) is negligible
since g ~ 0 at 200 mb.
Averaging (2) over time yields

V-Q=~E-P, (4)

where an overbar denotes a time average over the pe-
riod July—August. The storage term can be neglected
for an averaging period of two months since it is typ-
ically much smaller than the mean flux divergence
(Starr and Peixoto 1958; Rasmusson 1966; Palmén
1967; Peixoto 1973). Equation (4) also neglects hor-
izontal diffusion and the horizontal transport of liquid
and solid phases. Although these are important ele-
ments of the water balance for individual convective
elements, they are both generally much smaller than
the remaining terms when considering long averaging
periods such as a month or more, and/or large spatial
extents (Starr and Peixoto 1958; Palmén 1963; Peix-
oto 1973; Rasmusson 1968, 1977) such as a 1.125°
X 1.125° grid.

W = (3)
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Equation (4) provides an estimate of the mean water
balance for a column of air extending from the surface
to the top of the atmosphere, or 200 mb in this case.
Areas with an excess of evaporation over precipitation
(E — P > () are termed water vapor source regions,
while areas with an excess of precipitation over evap-
oration (E — P < 0) are termed sink regions.

¢. Regional balance of water vapor and moisture
transport across regional boundaries

Spatially averaged water vapor budgets can be ob-
tained by integrating (4) over an area A giving

%ILV'QdAz (E-F).

which, with the aid of Gauss’ theorem, can be written
as

4;Q-ndC={E—P}, (5)
C

where { } denotes an areal average, n is the outward
unit vector normal to the regional boundary, Q- n is the
moisture transport across the regional boundary, and
the line integral is computed along the closed path de-
limiting the region.

d. Miscellaneous numerical procedures

Vertical integrals are calculated by the trapezoid
rule, with all fields assumed to vary linearly with pres-
sure between mandatory levels. Spatial derivatives are
computed using centered finite differences on the
1.125° grid. This procedure is not consistent with the
ECMWF formulation, which operates on the spectral
coefficients to obtain horizontal derivatives. Since only
a subset of the hemisphere was obtained, we are unable
to use spectral processing. As will become clear later,
the numerical error introduced by this procedure is neg-
ligible compared to other uncertainties and error
sources inherent in our analysis.

" Time-mean quantities are obtained by averaging
over all eight summers and all four analysis times
(0000, 0600, 1200, and 1800 UTC). Transient eddy
statistics are obtained as departures from the 8-yr sea-
sonal means at the four daily analysis times, then av-
eraging those results over all four analysis times. Thus,
interannual variations are contained in the eddy statis-
tics, but contributions from diurnal cycle are excluded.
The seasonal cycle is not removed from the data.

4. Overview of the regional climatology for July-
August

In this section, the mean July—August wind and
moisture fields over SW North American as depicted
by the T106 ECMWF analyses are briefly described
and compared with results from earlier studies based
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on other data sources and years. Our primary purpose
is not to present a detailed discussion of the regional
climate; such information can be found elsewhere (e.g.,
Douglas et al. 1993). Rather, we desire to provide a
proper background in which to interpret the moisture
fluxes and budgets and to demonstrate the fidelity of
ECMWEF analyses.

The large-scale, low-level flow over the region is
strongly influenced by the Pacific and Atlantic Sub-
tropical Highs (Fig. 2a), with brisk southerlies over
Texas and northwesterlies west of Baja California. Ev-
idence of the thermal low can be seen in the cyclonic
winds over the Arizona—California border region. The
winds at 500 mb (Fig. 2b) are characterized by east-
erlies over the Tropics and an anticyclonic circulation
centered over southern New Mexico. The upper-level
ECMWF winds agree closely with prior analysis of
time-mean radiosonde data (e.g., Douglas et al. 1993).
The surface and low-level ECMWF winds are also con-
sistent except over the northern Gulf of California, and
even in that region the ECMWF analyses denote an
improvement over other global objective analyses.
Analysis of special field observations (Badan-Dangon
et al. 1991; Douglas et al. 1993) reveals that light
southerlies to south-southeasterlies mark the time-
mean, low-level wind field over the Gulf of California.
NMC analyses, for example, place low-level
northwesterlies winds over the region (Stensrud et al.
1995). The ECMWF analyses, while not totally con-
sistent with the special field observations, do at least
yield a southerly component over the region. The rea-
sons for the erroneous wind directions in the analyses
are not known, but as we later discuss it may be a
ramification of a horizontal resolution that is still too
coarse to adequately resolve the Gulf of California and
the surrounding terrain.

A major advantage with using modern objective
analyses is that the vertical motion fields, consistent
with the model formulations and data assimilation pro-
cedures, are available. The time-mean, vertical velocity
field at 500 mb (Fig. 3) indicates localized ascent over
the southern Rockies and the Sierra Madre Occidental
with weaker, more widespread descent situated over
the southern Central Plains States, the East Pacific
Ocean, and the Gulf of California. The region of up-
ward motion is consistent with precipitation (Douglas
et al. 1993; Negri et al. 1994) and infrared cloud cli-
matologies (Douglas et al. 1993), while the overall dis-
tribution of vertical velocity is in qualitative agreement
with the June, July, and August mean determined by
Qort (1983). The ascent over the Sierra Madre Occi-
dental in the ECMWEF analyses is much stronger than
that given by Oort (1983), however.

The distribution of specific humidity at the surface
(Fig. 2b) strongly reflects the underlying terrain, with
high values flanking the southern Rockies and the Mex-
ican Plateau. Surface humidity increases eastward into
the central United States, and a moist tongue is evident
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FiG. 2. Time-mean winds and specific humidities for July—August
at (a) the surface and (b) 500 mb. Maximum wind vector is 6.8 m s™'
and contour interval for g is 2 g kg™’ in (a). Maximum wind vector
is 6.3 m s ' and contour interval for g is 0.25 g kg™" in (b). Specific
humidities = 12 g kg™', and 3 g kg™' are stippled in (a) and (b),
respectively. Vector scaling is the same for both panels. For sake of
clarity, the boundaries for all figures have been cropped at 15°N,
39°N, 90°W, and 120°W.

over the Gulf of California and the coast of western
Mexico. In the middle troposphere (Fig. 2a), a band of
enhanced moisture extends northward from the tropical
East Pacific into southern Mexico before curving an-
ticyclonically into Arizona and New Mexico. The 500-
mb wind and moisture fields indicate that the easterly
winds over the Gulf of Mexico advect drier air into
western Mexico as discussed earlier by Douglas et al.
(1993). The precipitable water (Fig. 4) indicates that
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deep moisture exists over western Mexico and the trop-
ical East Pacific, with values being larger over that re-
gion than anywhere else in the domain. Similar mois-
ture distributions have been previously reported (Starr
et al. 1965; Hales 1974; Hagemeyer 1991; Douglas et
al. 1993; Negri et al. 1994).

In summary, the mean distributions of the ECMWF
wind, vertical velocity, and moisture are qualitatively
consistent with results from prior studies. With the
noted exception of surface winds over the northern
Gulf of California, the T106 ECMWEF analyses also
appear to give quantitatively accurate, time-mean fields
over the domain.

5. Results

a. Vertically integrated, atmospheric flux of water
vapor

The distribution of mean flux vectors of water vapor,
integrated from the surface to 200 mb (SFC-200 mb),
exhibits several noteworthy features over the SW
United States and NW Mexico (Fig. 5). On the whole,
the SFC—-200-mb flux vectors bare close resemblance
to the surface wind field (cf. Figs. 5 and 2b), a result
that reflects the much larger specific humidities at low
levels. Also as expected, the SFC—200-mb flux vectors
over the Mexican Plateau are noticeably smaller than
neighboring regions, which reflects the impact of un-
derlying high terrain on reducing the limits of the ver-
tical integration.

The strongest flux vectors curve anticyclonically
from the Gulf of Mexico into the south-central Plains.
A weaker southerly transport is also apparent over the
northern Gulf of California and western Arizona. These
two moisture streams were first described by Rasmus-
son (1967). A third feature of interest is a southeasterly

FiG. 3. Time-mean vertical velocity for July—August at 500 mb.
Contour interval is 0.25 ub s™'. Stippling indicates upward motion.
Vertical velocities < 0.25 ub s™' are stippled.






