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Boundary layer evolution and regional-scale diurnal
circulations over the Mexico Basin and Mexican plateau
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Pacific Northwest National Laboratory, Richland, Washington

Abstract. Data collected in a measurement campaign in February and March 1997 showed
that the Mexico Basin (also called the Valley of Mexico), located atop the Mexican plateau,
fails to develop the strong nocturnal inversions usually associated with basins and does not
exhibit diurnally reversing valley wind systems. Data analyses, two- and three-dimensional
numerical simulations with the Regional Atmospheric Modeling System (RAMS), and a
Lagrangian particle dispersion model are used to interpret these observations and to examine
the effects of topography and regional diurnal circulations on boundary layer evolution over
the Mexico Basin and its surroundings during fair weather periods in the winter dry season.
We show that the boundary layer evolution in and above the basin is driven primarily by
regional diurnal circulations that develop between the air above the Mexican Plateau and the
generally cooler surrounding coastal areas. A convective boundary layer (CBL) grows
explosively over the plateau in the late morning to reach elevations of 2250 m agl (4500 m
msl) by noon, and a strong baroclinic zone forms on the edges of the plateau separating the
warm CBL air from its cooler surroundings. In early afternoon the rates of heating and CBL
growth are slowed as cool air leaks onto the plateau and into the basin through passes and
over low-lying plateau edges. The flow onto the plateau is retarded, however, by the strongly
rising branch of a plain-plateau circulation at the plateau edges, especially where mountains
or steep slopes are present. An unusually rapid and deep cooling of the air above the plateau
begins in late afternoon and early evening when the surface energy budget reverses, the CBL

decays, and air accelerates onto the plateau through the baroclinic zone. Flow convergence
near the basin floor and the associated rising motions over the basin and plateau produce
cooling in 3 hours that is equivalent to half the daytime heating. While the air that converges
onto the plateau comes from elevations at and above the plateau, it is air that was modified
earlier in the day by a cool, moist coastal inflow carried up the plateau slopes by the plain-

plateau circulation.

1. Introduction

The geographical setting of basin topography, high alti-
tude, and tropical latitude, combined with high population
density and multiple emission sources, makes Mexico City
and its immediate surroundings one of the most polluted areas
of the world. The basin setting inhibits pollution dispersion,
and intense year-around sunshine at this latitude and elevation
promotes atmospheric photochemical reactions that form sec-
ondary pollutants such as ozone. As a result, ozone values up
to 400 ppb have been measured in the basin, and the Mexico
air quality standards are frequently exceeded at many loca-
tions in and around the urban complex [Garfias and Gonzalez,
1992; Collins and Scott, 1993].

While many air quality studies have been carried out in the
Mexico City area using surface measurements from an auto-
mated monitoring network [Raga and Le Moyne, 1996; Miller
et al., 1994; Garfias and Gonzalez, 1992; Bravo et al., 1996,
Bian et al., 1998], upper air observations from aircraft flights
[Nickerson et al., 1992; Diaz-Francés et al., 1994], and
photochemical models [Varela, 1994; Fast, 1999], few studies
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have attempted to describe the meteorology of this elevated
basin, and those that are available in the literature rely heavily
on surface observations. In a series of studies using data from
surface meteorological stations in urban and rural areas of the
basin, Jauregui [1973, 1988, 1993, 1997] documented the
urban climatology of Mexico City, especially the heat island
development and its associated local circulations. Oke et al.
[1992, 1999] reported investigations of surface energy budget
components in heavily built-up areas of Mexico City and
compared them to components at similar sites in temperate
cities. This was one of the first such studies in a tropical
urban area.

In recent years, two major research programs have carried
out field campaigns in Mexico City and its surroundings to
provide badly needed upper air meteorological observations.
The first of these was the Mexico City Air Quality Research
Imitiative (MARI) conducted in the winters of 1990-1993 as a
cooperative study between Los Alamos National Laboratory
and the Mexico Petroleum Institute [Guzmdn and Streit,
1993]. Williams et al. [1995] used the MARI data to perform
mesoscale model simulations of local circulations and disper-
sion in the Mexico City area for several selected cases and to
evaluate sources of uncertainty by using model-measurement
comparisons. Bossert [1997] used a mesoscale model to
simulate the observed wind and temperature structures on
three days duning the MARI field experiment in February
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1991 to examine how they affect observed pollutant concen-
trations. He concluded that both regional- and synoptic-scale
flows have a strong effect on the meteorology and air pollu-
tion concentrations within the Mexico Basin. The second
research program, the Investigation sobre Materia Particulada
y Deterioro Atmosferico-Aerosol and Visibility Research
(IMADA-AVER), was conducted during the period
February 23 through March 22, 1997, and was funded jointly
by Petrdleos Mexicanos through the Instituto Mexicano
del Petroleo and the U.S. Department of Energy [Doran et al.,
1998]. The IMADA program obtained improved data on the
spatial patterns of aerosols in Mexico City [Edgerton et al.
1999] and improved spatial information on the evolution of
vertical wind and temperature structure in the Mexico Basin.
Fast and Zhong [1998] used data from this experiment to link
boundary layer circulation patterns to the observed spatial
ozone distribution patterns in the basin by studying seven pol-
lution episodes during the IMADA-AVER experiment using a
high-resolution mesoscale meteorological model and a
Lagrangian particle dispersion model. Their simulations
showed that the day-to-day distribution of pollutants within
the Mexico Basin was rather sensitive to small changes in
upper level wind speed and direction that affected the diurnal
cycle of winds in the basin.

Although the above mentioned studies have provided valu-
able new information on meteorological processes in the
Mexico City area, they have focused primarily on the linkage
between meteorology and air quality within the basin and are
therefore limited in spatial extent and to selected case studies
of high-pollution episodes. The present paper complements
these studies by focusing on the characteristics of mean tem-

WHITEMAN ET AL.: BOUNDARY LAYER EVOLUTION OVER MEXICAN PLATEAU

perature and wind structure evolution in the elevated basin
using data from a special network of radar profilers and radio-
sonde stations operated during the IMADA-AVER experi-
mental period and from the Mexican rawinsonde network
stations within and surrounding the elevated basin. Data from
these sources were composited to elucidate the regular diurnal
patterns of boundary layer evolution. Numerical model
simulations were used to interpret the observations and to
determine the effect of topography and regional-scale diurnal
circulations on boundary layer structure evolution within the
Mexico Basin.

Section 2 describes the topographic setting of the basin.
Section 3 provides information on the experimental sites and
data, as well as the synoptic weather conditions. Section 4
presents analyses of the observed boundary layer structure
and evolution. Model simulations are presented in section 5.
This is followed by discussions in section 6 and conclusions
1n section 7.

2. Mexico Basin

The topography (Figure 1) surrounding Mexico City has
been described variously as that of a basin, a valley, and a
plateau. The Mexico City metropolitan area (latitude 19°N) is
found in the southwestern portion of the broad Mexico Basin.
The nearly flat floor of the basin (elevation 2250 m mean sea
level (msl)) is confined on three sides by mountain ridges but
with a broad opening to the north and a narrower gap or pass
to the south-southeast. The sutrounding ridges vary in eleva-
tion, but the basin can be considered roughly 800-1000 m
deep. Two high snow-covered volcanoes (Popocatépeti,
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Figure 1. Topography of Mexico. (a) Map of the Mexico Basin, showing the locations of the Investigation
sobre Materia Particulada y Deterioro Atmosferico-Aerosol and Visibility Research IMADA-AVER) radar
profiler/ radiosonde sites (squares), the Mexico City airport rawinsonde site (dot), and the Mexico City

metropolitan area (shaded).

The topographic contour interval is 200 m. (b) Three coastal Mexican

rawinsonde sites (dots), a GPS rawinsonde site (square), the three nested Regional Atmospheric Modeling
System (RAMS) simulation grids, and the cross-section A-A' through the isthmus used in two-dimensional
model simulations. The topographic contour interval is 500 m. Site abbreviations are as follows: ACA,
Acapulco; CHA, Chalco; CUA, Cuautitlan; MAN, Manzanillo, MEX, Mexico City International Airport;
PAC, Pachuca; TEO, Teotihuacan; TRM, Tres Marias; UNA, UNAM; VER, Veracruz.
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5452 m, and Iztaccihuatl, 5286 m) are found on the mountain
ridge southeast of the basin. The gap to the south-southeast of
the basin, when combined with the opening to the north, has
led to descriptions of the topography as being that of a broad
valley (Valle de México). The basin and its surrounding
mountains are located at the south end of a large plateau (the
Mexican plateau) which occupies the center of the Mexican
1sthmus. The outer slopes of this plateau to the west fall to
the Pacific Ocean, while those to the east descend to the
Atlantic Ocean. The unusual multiscale topographic com-
plexity of this region raises the question whether the boundary
layer development of this area will be primarily like that of a
valley, a basin, or a plateau.

3. Sites, Data, and Synoptic Overview

The air quality and meteorological data collected during
the IMADA-AVER field campaign were described by Doran
et al. [1998]. Only the surface and upper air meteorological
data used in this paper are summarized here. Hourly wind
profiles from four 915 MHz radar wind profilers located
within the basin at Teotihuacan (TEQ), Cuautitlan (CUA),
Universidad Nacional Auténoma (UNA) de Meéxico
(UNAM), and Chalco (Figure 1a) were used to sample the
above-basin wind field. The profilers were operated in both
low- and high-range modes with vertical resolutions of 60 and
100 m and covered a height range of approximately 100 -
2000 m and 150 - 4000 m above ground level (agl), respec-
tively. The temperature structure evolution in the basin was
determined from radiosonde soundings launched S times per
day (0800, 1100, 1330, 1630, 1930 local standard time
(LST)), except on Sundays, from these four profiler sites.
Temperature and humidity profiles to the north and south of
the basin were determined from radiosonde soundings at two
additional sites: Pachuca, located approximately 70 km
northeast of Mexico City, and Tres Marias, located on the
southern flank of the mountains forming the southemn
boundary of the basin. Soundings were launched at 1330,
1630, and 1930 LST at Pachuca and at 1330 and 1630 LST at
Tres Marias. Twice-daily soundings launched at 0600 and
1800 LST from the Mexican national rawinsonde network
were used to provide information on regional-scale atmos-
pheric conditions within and surrounding the Mexico Basin.

Table 1. Station Locations and Data Types

Lat Long Elev
Station ID (°N) (°W) (m) Data
Chalco CHA 19.25 98.91 2248 R,P
Cuautitlan CUA 19.69 99.19 2252 R,P
Teotthuacan TEO 19.68 98.85 2275 R,P
UNAM UNA 1932 99.19 2274 R,P
Acapulco ACA 16.05 99.93 3 RS
Manzanillo MAN 19.07 104.33 3 RS
Veracruz VER 19.17 96.12 13 R/S
Mexico City MEX 19.43 99.07 2234 R/S
Int’l Airport

Tres Marias TRE 19.05 99.45 2810 Rl
Pachuca PAC 20.08 98.74 2425 R2

R, radiosondes launched at 0800, 1100, 1330, 1630, and
1930 LST; R1, radiosondes launched at 1330 and 1630 LST; R2,
Global Positioning System rawinsondes launched at 1430, 1630, and
1930 LST; R/S, rawinsondes launched at 0600 and 1800 LST; P,
915 MHz radar wind profiler (hour-average data).
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Table 2. February-March 50 kPa Geopotential Heights,
Temperatures, Dew Points, and Wind Speeds, as
Averaged Over a 10-year Period (1988-1997)

and for 1997

10-year February- 1997 February-
March Average March Average
0000 1200 0000 1200
UTC UTC UTC UTC
Geopotential 5859 5854 5861 5859
height (m)
Temperature -8.8 -1.9 -8.7 -8.1
°C
Dc(ew :)oint -22.1 -29.5 -22.8 -31.0
temperature
O
Wind speed 8.6 10.6 8.0 10.7
(m/s)

Network soundings were made from the Mexico City
International Airport inside the basin and at three coastal sites
outside the basin (Figure 1b), one south of the basin at
Acapulco, one east of the basin at Veracruz, and one west of
the basin at Manzanillo. There was no suitable representative
rawinsonde station north of the basin. Table 1 summarizes
information on the sites and the types of data collected.

The experimental period was near the end of the winter dry
season. The synoptic conditions during this period were char-
acterized by high pressure with light upper level winds and
near-cloudless skies. Partially cloudy skies and some precipi-
tation occurred on a few days at the beginning of the experi-
ment when a deep trough was found over New Mexico and
Texas with its influence extending southward to northcentral
Mexico and toward the end of the experiment when a cutoff
low formed off the Pacific coast of central Mexico.

To determine the representativeness of the general synoptic
conditions occurring during the experimental period,
rawinsonde data from the Mexico City International Airport
were used to determine mean values of geopotential height,
temperature, dew point temperature, and wind speed at 70 and
50 kPa for February and March for the years 1988-1997. A
comparison of these climatological mean values with the
same variables averaged over February and March 1997 is
shown in Table 2. Because no significant differences oc-
curred between the 1997 mean values and those averaged
over 10 years, the upper air conditions during the 1997
IMADA-AVER field campaign are considered typical for the
winter dry season in this region.

4. Observed Characteristics of Boundary Layer
Evolution

4.1. Mean Temperature and Humidity Structure

Radiosonde temperature data were composited from all
days of the experimental period (February 23 through
March 22, 1997) for three of the four basin sites (TEQ, CUA,
and UNA) to obtain mean temperature profiles at the five
daily sounding times. Missing data from the Chalco site pre-
cluded a similar treatment there. Figure 2 shows the diurnal
variation of the mean temperature structure at Teotihuacan,
UNAM, and Chalco. Because of missing soundings, the data
composites at the three sites use data from different experi-
mental days. Because of this the time evolution of potential
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Figure 2. Mean radiosonde soundings at (a) Teotihuacan, (b) UNAM, and (c) Chalco. Each sounding is a
composite of all good-quality soundings (typically 19-23) in the February 23 to March 22, 1997,
experimental period for the time (local standard time (LST)) indicated. The composite profiles are
constructed from individual soundings whose temperatures are averaged over 100-m vertical segments.
The standard deviations (s.d.) of mean potential temperatures as averaged over 100-m vertical segments in
the individual soundings are shown in figure parts for the times indicated.
temperature at a site is expected to be more accurate than rate of boundary layer warming slow significantly. Most

comparisons between sites. While the atmospheric boundary
layer in the Mexico Basin evolves normally in several
respects, it also exhibits some unusual features, which will be
discussed for the Teotihuacan site (Figure 2a). The mixed
layer at Teotihuacan goes through a rapid growth period
between 1100 and 1330 LST, attaining a depth that exceeds
2000 m agl (4250 m msl) by 1330 LST. Between 1330 and
1630 LST the rate of growth of boundary layer depth and the

peculiarly, a very sudden cooling occurs throughout the entire
boundary layer to an elevation of 2250 m agl (4500 m msl)
between the 1630 and 1930 LST soundings. The cooling dur-
ing this 3-hour period is equivalent in value to more than half
of the total daytime heating! The main features of boundary
layer development at the rural Teotihuacan site were also
present at the urban UNAM (Figure 2b) and rural Chalco
(Figure 2c) sites. At the Chalco site, almost no warming
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Figure 3. Mean (dots) and standard deviations (error bars) of observed convective boundary layer (CBL)
depths at Teotihuacan. Also shown are CBL depths estimated with a simple encroachment model given
sinusoidal surface sensible heat fluxes with the indicated amplitudes using the mean 0800 LST sounding as

an initial condition.

occurred between 1330 and 1630 LST, the cooling between
1630 and 1930 LST was reduced relative to the other sites,
and a shallow ground-based cold air layer was present in the
0800 LST sounding. The standard deviations of sounding
temperatures for each of the sounding times are shown in
Figure 2 to quantify the day-to-day variability in boundary
layer temperatures at the individual sites. Standard deviations
were generally less than 2 K above 2000 m ag], except for the
1000 LST soundings at Chalco. The standard deviations in-
creased below this level, exceeding 4 K at the ground for
several of the afternoon and evening soundings.

The daytime boundary layer growth in the Mexico Basin
can be seen more clearly in Figure 3. Here the means and
standard deviations of boundary layer heights are plotted as a
function of time for Teotihuacan. The means and standard
deviations were determined subjectively from individual
potential temperature soundings by recording the height of the
base of the capping inversion at the top of the unstable or con-
vective boundary layer (CBL). Also plotted in Figure 3 are
the hypothetical rates of boundary layer growth calculated
from an encroachment model using the mean 0800 LST
Teotihuacan sounding as the initial sounding and assuming
sinusoidally varying surface sensible heat fluxes between
sunrise and sunset with maximum values at solar noon rang-
ing from 200 to 600 W m? The encroachment model
neglects advection, subsidence, and turbulent entrainment but
1s nonetheless generally considered a useful tool in estimating
boundary layer depths over homogeneous terrain and has been
shown to explain 80-90% of the observed variations in
boundary layer depth [Stuil, 1988]. The plot shows a rapid
increase of boundary layer depth between 1100 and
1330 LST, with an average growth rate exceeding 600 m per
hour, much larger than the rate suggested by the encroach-
ment model. After 1330 LST the growth rate fell off steeply
in comparison to its earlier rate of growth, attaining a rate

similar to that predicted by the encroachment model with a
maximum mid day flux of 400 Wm™.

Regular diumal circulations form in areas of complex
terrain when horizontal air temperature differences occur
between locations within the mountainous area or between the
air over the topography and the air over the surrounding plain.
These temperature differences lead to horizontal pressure
gradients that drive diurnal mountain wind systems
[Whiteman, 1990]. Therefore as a first step in investigating
diurnal wind systems, analyses of horizontal temperature
differences were performed on different scales.

The spatial variation of mixed layer temperatures within
the basin, as determined from the four basin sites during the
experimental period, is usually small and variable from day to
day, so no consistent patterns were detected except for a
tendency for slightly cooler (0.5-1 K) afternoon temperatures
at Chalco. Some differences, however, exist between the
mixed layer temperatures and the boundary layer structure
inside the basin and those south and north of the basin. At
Pachuca the 3 times per day soundings are much like the
soundings from the four stations in the Mexico Basin (not
shown). Boundary layer depths and temperatures are similar
and they also show the suppressed boundary layer develop-
ment between 1330 to 1630 LST and the rapid decay and
cooling between 1630 and 1930 LST. South of the basin at
the higher altitude site of Tres Marias, the twice-daily sound-
ings at 1330 and 1630 LST exhibit shallower mixed layers
and cooler temperatures than at the other sites. Figure 4 illus-
trates these differences by plotting the mean potential tem-
perature soundings at 1630 LST at UNAM, Pachuca, and Tres
Marias. The afternoon temperatures are generally warmer
inside the basin, with the UNAM-Tres Marias temperature
difference larger than the UNAM-Pachuca temperature differ-
ence. The warmer temperatures within the basin are con-
sistent with the frequently observed afteroon flows that enter
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Figure 4. Mean potential temperature soundings at 1630 LST
at UNAM, Pachuca, and Tres Marias. Soundings are aver-
aged from all available soundings (12 at TRE, 20 at PAC, and
22 at UNA) at the 1630 observation time during the
February 23 to March 22, 1997, experimental period.

the basin from the south-southeast at Chalco and from the
north-northeast at Teotihuacan and Cuautitlan, as will be
discussed later.

A comparison was also made between Mexico Basin
temperature and mixing ratio profiles and profiles obtained
from the coastal regions surrounding the Mexican plateau.
Mean potential temperature and mixing ratio soundings for
the period from February 1 to March 31, 1997, were con-
structed for 0600 (Figures 5a and 5c) and 1800 LST
(Figures 5b and 5d) for each of the four Mexican rawinsonde
stations (see Figure 1b for locations).

At 0600 LST, after a full night’s cooling, the basin floor
experiences a slight potential temperature deficit relative to
the surrounding coastal stations (Figure 5a). The deficit near
the basin floor is about 3 K relative to air at the same height
above Manzanillo and Acapulco but only about 1 K relative to
Veracruz. The temperature deficit decreases with altitude
above the basin floor. The mean vertical potential tempera-
ture gradient above the plateau level at all rawinsonde sites is
about 0.0043 K m’', slightly larger than that of the midlatitude
Standard Atmosphere (0.0035 K m™). Below the altitude of
the plateau, soundings on the Atlantic side of the Isthmus
were up to 4 K colder than on the Pacific side. The small
temperature difference between the atmosphere inside and
outside the basin at altitudes between 2250 and 3250 m msl is
not consistent with observations in other basins and valleys,
which are generally characterized by cold air confinement at
night and large temperature deficits relative to their surround-
ings [Whiteman et al., 1996, 1999a, 1999b]. Others [e.g.,
Collins and Scott, 1993] have stated that air quality problems
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in the Mexico Basin are exacerbated by strong temperature
mversions that form within the elevated basin. The mean
potential temperature sounding at the Mexico City airport,
however, shows no temperature inversion (a temperature
inversion would require d6/dz > 0.0098 K m™). In fact, the
mean morning low-level stability is only marginally greater
than in the free atmosphere surrounding the Mexican plateau
at the same altitude. While the atmosphere over the basin is
stable at night and actual temperature inversions formed
occasionally during the experimental period, the Mexico
Basin has lower mean nighttime stability than most
midlatitude Rocky Mountain valleys and basins [Whiteman et
al., 1999b]. In these valleys, mean potential temperature
gradients in the surface-based inversion near sunrise follow-
ing clear nights usually exceed 0.015 K m™. In this sense, the
Mexico Basin does not exhibit one of the chief meteorological
characteristics of basins, the formation of strong nighttime
temperature inversions.

The mixing ratio profiles at 0600 LST (Figure Sc) at the
Mexico City airport, Veracruz, and Acapulco were nearly
identical above the altitude of the Mexican plateau, while the
profile above Manzanillo was drier. Mixing ratios at sea level
in the coastal areas on either side of the plateau were nearly
double those on the Mexican plateau. The highest mixing
ratios were confined to an 800-m-deep layer on the Pacific
side of the Isthmus at Acapulco, whereas the mixing ratio
decreased linearly with elevation above Veracruz on the
Atlantic side.

At 1800 LST a deep CBL (Figure 5b) extends to 4600 m
msl above the basin, as determined from soundings at the
Mexico City airport. At the other sites, however, the
soundings have much the same appearance as at 0600 LST,
although they are somewhat warmer (by 0-4 K) than the
morning soundings in the lowest 4000 m. A slight destabili-
zation in the lowest 200-400 m at Acapulco, Manzanillo, and
Veracruz is associated with the development of shallow CBLs
there. The CBL above the elevated Mexico Basin is much
deeper (and warmer) than CBLs in coastal areas on either side
of the isthmus. The temperature difference between the basin
site and the other sites decreases linearly from an excess of
8-10 K at the basin floor to a deficit of 1.5 to 3.5 K at 4700 m
msl. Hence the basin atmosphere above the 4300 m msl is
colder than its surroundings. The overheating of the atmos-
phere within and above the basin relative to the coastal envi-
ronment is clearly produced by the daytime growth of a deep
CBL above the basin floor. The strong daytime overheating
associated with CBL growth over the basin and plateau is in
contrast to the weak nighttime overcooling of the basin
atmosphere. While the radiosonde observations lack temporal
resolution, it is clear from the Teotihuacan observations that
the large daytime overheating dissipates very rapidly in the
late aftemoon and early evening, leaving only a weak over-
cooling in the basin by the 0600 LST soundings.

The mixing ratio profiles (Figure 5d) at 1800 LST above
the elevation of the Mexican plateau change little from the
moming profiles, except at the MEX site, where the humidity
is mixed through the deep CBL above the plateau, with sig-
nificant moistening at altitudes between 3800 and 6000 m
msl. At the altitude of the basin floor, the humidity is slightly
lower than at the same altitude over Veracruz but slightly
higher than in the mixed layer above. The mean mixing ratio
above the plateau between the surface and 7300 m msl, the
altitude where day/night differences become negligible, is
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Figure 5. Mean potential temperature profiles at (a) 0600 and (b) 1800 LST and mixing ratio profiles at
(c) 0600 and (d) 1800 LST at Manzanillo, Mexico City International Airport, Veracruz, and Acapulco, as
averaged over the period February 1 through March 31, 1997.

2.8gkg'at 0600 LSTand3.1g kg™ at 1800 LST. Thus a net
increase in humidity occurs above the plateau during the
daytime growth of the mixed layer. Since there are no large
moisture sources on the plateau itself and the growing CBL
would entrain lower humidity air into the mixed layer, the
observations suggest that advection from the surrounding
coastal regions is responsible for this moistening. Some of
the additional moisture is, no doubt, brought up from the more
humid coastal regions by upslope flows that form during
daytime on the outer slopes of the plateau.

In summary, the daytime boundary layer evolution above
the Mexico Basin is characterized by a rapid heating and
growth stage between 1100 and 1330 LST, followed by a
quenching stage between 1330 and 1630 LST in which the
rate of heating and growth slow, and an unusually rapid and
deep cooling stage from 1630 to 1930 LST, with 3-hour
cooling amounting to more than half of the total daytime heat-
ing. The air above the basin is significantly warmer in day-
time relative to the large-scale environment as a result of CBL
growth above the elevated basin floor. In contrast, the night-
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time temperature deficit in the basin is small, so the potential
temperature profile in the basin in the early moming differs
little from profiles over the coastal stations on either side of
the isthmus.

4.2. Energetics of the Mexico Basin Atmosphere

Changes in basin boundary layer temperature and depth
can be investigated by calculating the rate of change of heat
storage in the basin atmosphere from the equation

Z
7A@ -2
H= —d Wm 1
szf)PAtZ [ ] )

where ¢, is the specific heat of air at constant pressure, p is
air density, @ is potential temperature, ¢ is time, and z is
height. Increases in atmospheric heat storage, as calculated
from equation (1), are produced by convergence of turbulent
sensible and radiative heat fluxes and by advection [e.g.,
Whiteman, 1990]. In clear atmospheres over flat terrain
during daytime, the contribution of radiative flux convergence
to the gain of atmospheric heat storage is typically small
compared to turbulent sensible heat flux convergence. During
nighttime, radiative and turbulent sensible heat flux diver-
gences may both play important roles leading to atmospheric
heat loss [e.g., Stull, 1988). Large discrepancies between
measured surface sensible heat fluxes and rates of change in
atmospheric heat storage are usually caused by advection
associated with mean winds. In fact, in midlatitudes, advec-
tion associated with traveling extratropical cyclones causes
large day-to-day variations in calculated heat storage rates.
Because the Mexico Basin is in a quiescent tropical synoptic-
scale environment, day-to-day variations in heat storage rate
due to advection are expected to be small relative to
midlatitude environments. Further, because air temperatures
above the Mexico Plateau become more or less equilibrated
with temperatures surrounding the plateau at night (Figure 5),
large-scale advection is not expected to be important during
much of the night. During the afternoon when the atmosphere
over the plateau becomes warmer than its surroundings, any
advection is expected to be cold air advection, which would
decrease the atmospheric heat storage over the plateau.
Equation (1) was evaluated from potential temperature dif-
ferences over 100-m height intervals from pairs of
consecutive potential temperature soundings. The integration
was performed to Z,,=3000 m agl in order to extend above
the daytime CBLs. The results, averaged over the 4-week
experiment period, which was composed mostly of clear days
or clear days with scattered cloudiness in the late afternoon,
are plotted in Figure 6 at the midpoint times between sound-
ings. Also plotted in Figure 6, for comparison purposes, are
extraterrestrial solar radiation from a solar model [Whiteman
and Allwine, 1986] and the measured total incoming solar and
net all-wave radiation at UNAM on March 1, 1997. The
mean rates of heat storage at the four sites in the basin differ
by several hundred watts per meter squared during the period
from midafternoon through early evening. Nonetheless, the
rates of change of heat storage at all four sites show a con-
sistent diumal pattern, represented by the dashed curve in
Figure 6. The curve rises rapidly in the moming, following
the sinusoidal net radiation curve closely between 0800 and
1330 LST, attaining 550 W m?in midday. In the afternoon,
however, it falls more rapidly than the net radiation curve,
exhibiting a distinct diurnal asymmetry. The falloff of the
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rate of heat storage from the net radiation curve in the after-
noon, indicated by hatched shading, could be interpreted as a
quenching of boundary layer growth caused by the leakage of
cold air into the warm basin atmosphere from the colder
surroundings. The rate of heat loss from 1630 to 1930 LST
reaches 450 W m> This rate is much larger than typical
valley or basin turbulent sensible heat flux divergences at this
time of day. Whiteman et al. [1996], for example, showed
measured and calculated (from an atmospheric heat budget)
evening and nighttime sensible heat flux divergences from a
Japanese basin, a Colorado valley, and a Colorado/Utah basin
which were equivalent to surface sensible heat flux losses at
rates generally less than 40 W m>. Cold air advection (i.e.,
divergence of potential temperature flux by the mean wind)
must be invoked to explain the extremely high rates of heat
loss over the Mexico Basin. The ovemight cooling rate be-
tween 1930 and 0800 LST, although much smaller than dur-
ing the afiemoon and evening period, occurs at a rate
comparable to what would be produced if all the net radiative
loss at the surface were converted to sensible heat flux
divergence in the column. A further discussion of these
results in terms of mechanisms that could explain the high
rate of heat storage gain in the moming and the high rate of
heat storage loss in the late afternoon and early evening is
found in section 6.

4.3, Mean Wind Fields in the Mexico Basin

Durning the winter dry season, the Mexico Basin is nor-
mally under the influence of anticyclonic weather with light
winds above the basin and nearly cloudless skies, which is
favorable for the development of thermally driven local and
regional circulations.

Figures 7a-7d show mean daily wind soundings at the four
basin sites, as composited from the low-range mode radar
profiler wind data for the entire period of the field experiment
except for the days of February 27 and 28 and March 1, 5, 6,
and 13 when synoptic winds became unusually strong in the
upper altitudes of the basin, The four figure parts are ar-
ranged so that the stations correspond to their relative geo-
graphical positions in the basin. The individual wind vectors
n these plots are vector averages of all the 1-hour-average
wind vectors at the indicated time and range gate for this
period. The shading in the figure parts represents the day-to-
day wind persistence, the ratio of the vector mean wind speed
to scalar mean wind speed at the indicated range gates and
hours over the period of record. If the wind always blows
from the same direction, persistence is 1; if it is equally likely
from all directions, or if it blows half the time from one
direction and half the time from the opposite, it is zero. High
values of persistence indicate that wind direction changes
little from day to day, while low values indicate great day-to-
day variability. The figure shows that the mean winds within
the basin below a height of 1000-1500 m are extremely weak
and variable in direction during much of the day (exceptions
will be discussed in the following paragraph) and that
diumally reversing, low-level, along-valley winds, a key
meteorological characteristic of valleys, are not readily
apparent in the data. Another unusual characteristic of the
Mexico Basin wind field is the tendency for the strongest
winds within the basin to occur in the near-surface layer
during the afternoon and evening as seen, for example, in the
radar profiler wind data at Cuautitlan and Chalco (Figure 7).
It was also noted in Doppler sodar data (which has range
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Figure 6. Instantaneous fluxes in the Mexico Basin as a function of time of day. The extraterrestrial solar
flux (K.x) is computed from a solar model; the incoming solar radiation (K4,) and net radiation (Q*) were
measured at UNAM on the clear day of March 1. Shown for comparison is Oke et al.'s [1992] 25-day
composite sensible heat flux Q, measurements obtained over the period from February 3 to March 31,
1985, in a heavily built-up part of Mexico City. The plotted data points indicated by symbols and fit by eye
with a dashed line are mean rates of change of atmospheric heat storage (H) calculated from radiosondes
using equation (1) for Cuautitlan (circles), Teotihuacan (squares), Chalco (triangles), and UNAM
(diamonds). The data points are plotted at the midpoints between the sounding times. Sounding times are
indicated by arrows. The hatched area emphasizes afternoon differences between the Q* and the H curves.

gates closer to the ground) and in rawinsonde data from the
Mexico City Airport (not shown). The relatively high near-
surface wind speeds may be attributed to the fact that the
strongest afternoon horizontal pressure gradients between the
basin and its cooler surroundings occur at the base of the deep
CBL.

The highest day-to-day wind persistence (Figure 7) occurs
at altitudes above 2800 m ag] (about 5050 m msl) where
southerly or southwesterly winds prevail above Cuautitlan,
Teotihuacan, and UNAM and northerly or northwesterly
winds prevail above Chalco. Weak southerly winds prevail
above the basin in the residual layer (the elevated remnant of
the daytime mixed layer) at all four basin sites usually
beginning in late evening and lasting until sunrise. Some per-
sistent winds also occur within the basin (i.e., below about
800-1000 m agl), but the characteristics of these winds differ
from site to site. Above Cuautitlan, persistent northeast or
north winds begin as early as 1000 LST. These weak winds
increase in speed gradually after noon, gradually increase in
depth to encompass the entire basin depth by midaftemoon,
strengthen significantly during the strong cooling period

(1630 to 1930 LST), and then decrease in speed and depth
until 0200 LST. The gradually increasing CBL depth above
Cuautitlan is marked by a strong gradient in persistence at its
top. At Teotihuacan a wind shift between weak afternoon
westerly winds and stronger evening easterlies occurs during
the rapid cooling period. Stronger easterlies come in at the
end of the rapid cooling period and then decrease gradually in
speed until midnight. At UNAM, winds are very weak during
much of the day, except for northwesterlies that occur through
the whole basin depth after 2200 and continue until 0200
LST. Winds during the rapid cooling period are weak and
from the southwest. At Chalco a layer of strong, cool, south-
southeasterly winds up to 1000 m deep enters the basin
through the mountain gap to the southeast of the profiler site
after 1300 and lasts until 2000 LST. The high persistence
values associated with this flow indicates its day-to-day regu-
larity. Low-level winds at Chalco are light during much of
the remainder of the day.

Mean wind structure evolution in the Mexico Basin is
consistent with the observed temperature structure evolution.
At Chalco the strong south-southeasterly flow represents the
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channeled advection of cool air into the basin through the
mountain gap to the southeast of the basin. This cool air leak-
age starts, on the average, just after noon, and on some days
even before noon, when the air inside the basin becomes
warmer than the air outside, and it ends after the period of
rapid cooling (1630-1930 LST) when the air temperatures
within the basin begin to equilibrate with those of the sur-
roundings (Figure 5). The leakage is probably responsible for
the lack of heating of the boundary layer at Chalco between
1330 and 1630 LST as shown in Figure 2c and the slight
stabilization of the temperature profiles within the convective
boundary layer at Chalco relative to those at Teotihuacan
(Figure 2a) and UNAM (Figure 2b). This gap flow occurred
nearly every day during the 4-week experimental period
regardless of the synoptic conditions, suggesting that it is
driven by mesoscale pressure gradients produced by the over-
heating of the basin atmosphere relative to its surroundings.
Further details on this gap wind system and its driving mecha-
nisms have been discussed by Zhong and Doran [1998].

The northerly afternoon flow at Cuautitlan also represents
cold-air advection or leakage into the warm basin. This
advection is confined below the ridgetops, begins in the early
aftemoon when the basin becomes warmer than its surround-
ings, and is strongest near the ground where the horizontal
potential temperature gradients (and horizontal pressure
gradients) are strongest.

The basic characteristics of the cold-air intrusions are con-
sistent with the diurnal evolution of temperature structure and
heat storage in the Mexico Basin atmosphere. The cold-air
leakage suppresses the heating and deepening of the basin
boundary layer between 1330 and 1630 LST and causes the
very pronounced afternoon falloff of the heat storage curve in
Figure 6. The strengthening of cold-air advection in the even-
ing, the convergence of the cold low-level flows over the
basin floor and consequent rising motions above the conver-
gence zone undoubtedly contributes to the rapid cooling
above the basin between 1630 and 1930 LST. A low-level
convergence and upper level divergence pattern is clearly
seen in the profiler data of Figure 7 during the 1630 to 1930
LST period. These pattems are indicated by opposing wind
directions between northem and southern parts of the basin
and between lower and upper levels of the boundary layer
(compare wind directions in the dashed-line boxes that cor-
respond roughly to the rapid cooling period in Figure 7). A
vertical advection explanation for the cooling of the basin
atmosphere is appealing, because the horizontal flow
strengths are not consistent between sites and are weak at both
UNAM and Teotihuacan during the rapid cooling period, and
because the cold-air advection is confined below the
ridgetops, while the cooling extends above the ridgetops.
Rising motions in a neutral atmosphere do not cause
advective cooling, but as cooling occurs in the near-ground
layer due to horizontal advection and downward sensible heat
flux in the late aftemoon and evening, rising motions caused
by convergence can advect this cooling higher into the
residual layer.

5. Model Simulations and Physical Mechanisms

The observations clearly point to a linkage between the
regional wind circulations and the mesoscale temperature
structure and heat storage of the Mexico Basin atmosphere.
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Although it is evident from the observations that these
circulations are thermally driven, their exact nature is unclear.
Bossert [1997] proposed that the northeasterly flow that
influences the Mexico Basin during the late afternoon and
evening is affected by several factors including the plain-to-
plateau heating differential, the persistent surface high pres-
sure over the Gulf of Mexico, and the sea breeze circulation
along the coastal lowlands. He suggested that this large-scale
northeasterly flow is similar to the mountain-plain circulation
found along the Colorado Front Range [Bossert and Cotton,
1994a, b]. Further, he argued that although the mountain-
plain circulation in the Front Range is a summertime
phenomenon, the tropical latitude of central Mexico ensures
sufficient insolation even in the wintertime to produce an
analogous circulation between the lowlands and the high
Mexican plateau. An alternate possibility is that the
circulations in the Mexico Basin are more local in nature and
develop in response to the overheating of the basin
atmosphere relative to its immediate environs. In this
scenario, air is drawn into the basin over the adjacent
mountains by horizontal temperature differences that develop
between the basin atmosphere and its surroundings. Although
openings in the Mexico Basin make the topography somewhat
different from the closed circular basin used in the
simulations of de Wekker et al. [1998] and Kimura and
Kuwagata [1993] and from the single-opening basin simu-
lated by Kimura and Kuwagata [1993], such circulations
would be similar to the idealized plain-to-basin flows studied
by them. Note that in this case, the plain would be part of the
elevated Mexican Plateau and not the coastal plain of
Bossert's [1997] analysis.

Measurements of wind and temperature structure on the
slope of the Mexican plateau which are needed to distinguish
between these two possibilities are unavailable, so we turned
to a numerical model to provide additional information. Spe-
cifically, we wished to extend Bossert's [1997] analysis to
determine whether the coastal plain-to-plateau circulations
simulated in that study were sufficient to explain the available
observations or whether the features of the Mexico Basin sig-
nificantly modified those circulations. We also wanted to
make use of the much more extensive set of observations than
was available to Bossert in his earlier study to examine some
features of the Mexico Basin boundary layer.

The Regional Atmospheric Modeling System (RAMS)
[Pielke et al., 1992] was used for the model simulations.
RAMS 15 a primitive equation, nonhydrostatic model based
on a terrain-following coordinate system. Sub-grid-scale tur-
bulent diffusion is parameterized using a level 2.5 scheme
[Mellor and Yamada, 1982] with a prognostic turbulent
kinetic energy equation and a diagnostic length scale.
Turbulent sensible and latent heat fluxes and momentum
fluxes in the surface layer are evaluated based on Louis’s
[1979] formulation. A multilayer soil model developed by
Tremback and Kessler [1985] is used to predict diurnal varia-
tions in so1l temperature and moisture. RAMS also contains a
cloud microphysics package and a cumulus parameterization
scheme, neither of which were activated for this study.
Clouds, however, were allowed to form in areas of super-
saturation on the basis of a diagnostic scheme, and the impact
of clouds on radiation were included in the RAMS shortwave
and longwave radiation schemes [Chen and Cotton, 1983].

Model simulations were carried out in two stages. In the
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first stage we used two-dimensional model simulations with
several different terrain cross sections to investigate the nature
of the circulations and the role of the terrain in their
development. Three simulations were carried out. The first
or plateau-basin simulation used a NE-SW vertical terrain
cross section (Figure 8a) extending from the Pacific to the
Atlantic Oceans across the isthmus and passing through the
center of the Mexico Basin (line A-A' in Figure 1b). The
second, or plateau simulation, modified the terrain cross
section by eliminating the basin on top of the Mexican Plateau
(Figure 8b). The third, or flat terrain simulation, used a flat
homogeneous surface at the elevation of the Mexico Basin
floor to provide a simulation of boundary layer evolution
without modifications by plateau or basin topography (Figure
8c). In the second stage we used three-dimensional simula-
tions in conjunction with the data from the 1997 measurement
campaign to provide a more detailed picture of the flows in
the Mexico Basin itself, to relate these flows to the heat
budget in the basin, and to investigate the interaction and
dependence of these flows on the larger-scale circulation
patterns identified in the two-dimensional simulations.

The location of the Mexico Basin on the cross section 1s
Dashed vertical lines indicate the locations of temperature profiles mn

5.1. Two-Dimensional Simulations

The modeling domain for the three two-dimensional simu-
lations described above was 1000 km wide and 16 km deep.
The horizontal grid spacing was 5 km and the vertical grid
stretched from 20 m just above the surface to 1000 m at and
above the 10-km level. A total of 60 vertical grid points were
used with 35 of them in the lowest 4 km to resolve the boun-
dary layer structure. This model configuration allowed good
resolution of the terrain, including the Mexico Basin and the
slopes of the Mexican plateau. A uniform soil type (sandy
clay loam), vegetation type (semidesert), and soil moisture
content were specified throughout the domain. A constant sea
surface temperature, 295 K, was specified for the ocean areas.
All simulations were initialized at 0600 LST with calm back-
ground winds using the mean temperature and moisture
soundings from Acapulco (Figure 5). Simulations were run
for 24 hours.

The simulated potential temperature and wind vector pro-
files at 1600, 1800, 2000, and 2200 LST are shown in
Figure 9 for the plateau-basin simulation. At 1600 LST,
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Figure 9. Isentropes and wind vectors for the two-dimensional, plateau-basin simulation at (a) 1600,
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components on this cross section.

boundary layer development over the top of the plateau and
the plateau slopes differed considerably. A mixed layer
deeper than 2 km developed over the plateau, and the boun-
dary layer top was relatively uniform across the plateau,
including the basin. The mixed layer over the slopes was
much shallower than over the plateau. At the coast, onshore
advection of cool marine air limited the mixed layer growth in

conformance with radiosonde observations at the coastal sites
(see Figure 5). A strong horizontal potential temperature
gradient developed between the plateau/basin atmosphere and
the atmosphere surrounding the plateau. The overheating of
the basin atmosphere relative to its large-scale environment
(see Figure 5) is therefore a result of the plateau topography
acting as an elevated heat source during daytime. A deep
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layer of upslope flow developed over slopes on both sides of
the plateau, with weaker return flows aloft. The low branch
of these plain-to-plateau circulations brings cooler, moister air
from coastal regions to the top of the plateau along the slope
surfaces, while the upper branch advects hotter, drier air away
from the plateau. The circulations produce convergence at the
edges of the plateau but have little impact on the basin at this
time of the day. At 1800 LST the plain-to-plateau circulation

penetrates farther into the interior of the plateau. The hot
column over the plateau disappears between 1800 and
2000 LST after the plateau switches from an elevated heat
source to an elevated heat sink near sunset and cold air flows
rapidly to the foot of the mountains bordering the basin. The
model simulations (Figure 9¢c) show that gravity waves are
excited by the collapse of the dome at the top of the daytime
convective boundary layer. These gravity waves propagate in
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both directions when the heating of the boundary layer ceases,
contributing to the rapid equilibration between the above-
basin atmosphere and its surroundings over the next few
hours, with isentropes becoming nearly horizontal. This
equilibration accounts for the observed weak horizontal
temperature gradients between the plateau atmosphere and its
surroundings in morning rawinsonde soundings (see
Figure 5a).

To help illustrate the behavior of thermally driven plain-to-
plateau circulations and the differences in the depths of the
mixed layer over the slopes and on top of the plateau, a
Lagrangian particle dispersion model (LPDM) [Fast, 1995]
was run using the mean wind and turbulence fields from the

plateau-basin simulation. Nonbuoyant and nonreactive par-
ticles were released continuously from the surface at four sites
in the domain shown in Figure 10: two on the edges of the
plateau and two on the plateau slopes. The movements of the
particles were tracked following their release. The rate of the
release was 8 particles min"' at each source and a total of over
30,000 particles were released during the course of the LPDM
stmulation, which commenced at 0600 LST in the moming
and ended at midnight.

Figure 10 shows the simulated particle plumes along with
the horizontal component of the winds on the cross section at
1400, 1600, 1800, and 2000 LST. At 1400 LST, after 8 hours
of release, particles released over the slopes were mixed up to
a 200- to 300-m-deep layer and were carried by the upslope
flows along the slope surface to the edges of the plateau;
there, they were further mixed vertically, along with those
released from the plateau edges, to a much deeper layer. Two
particle fronts (the leading edges of the particle plumes) were
clearly defined at this time: one on the ridgetop on the left
and one a short distance onto the plateau from the plateau
edge on the right. The particle fronts tended to remain an-
chored over the mountains at the edges of the plateau
throughout the moming and early afternoon by upslope flow
convergence and intense rising motions over the mountain-
tops. Well-defined return flow layers advected particles that
were mixed to higher elevations back toward the coastal

a) plateau—basin simulation

b) platequ simulation
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regions. In late afternoon and evening (1600 and 1800 LST)
when CBL heating slowed and reversed to cooling, particle
fronts accelerated onto the plateau as air flowed across a
baroclinic zone that had developed during daytime on the
periphery of the plateau and separated the warm plateau CBL
from its cooler surroundings. By 2000 LST the two fronts
moving onto the plateau merged over the basin, and particles
filled the atmosphere over the plateau and basin to a height
well above the ridgetop.

The simulated potential temperature profiles from the three
simulations for 0800, 1100, 1400, 1700, and 2000 LST are
shown in Figure 11. The profiles are taken from the grid
pomnt near the center of the basin on the terrain cross section
for the plateau-basin simulation (Figure 8a) and from the
same grid point for the two other simulations. Both the
plateau-basin and the plateau simulations produce a daytime
boundary layer that evolves in a fashion similar to the
observed pattern (Figures 11a and 11b), with rapid growth
between 1100 and 1400, which slowed between 1400 and
1700, and rapid and deep cooling between 1700 and
2000 LST. In the flat terrain simulation (Figure 1lc),
however, significantly different boundary layer behavior is
produced 1n late afternoon; there, very little cooling occurs
between 1700 and 2000 LST, and the cooling is largely
confined near the surface. The CBL height in the afternoon in
the flat terrain simulation is also lower than for the other two
simulations. A closer comparison between the profiles from
the plateau-basin simulation and those from the plateau simu-
lation indicates that somewhat more heating during the day
and more cooling in the evening hours occurred in the
plateau-basin simulation. This behavior is consistent with the
TAF (Topographic Amplification Factor) concept which
states that heating and cooling are likely to be amplified in a
basin or valley environment by the terrain [Whiteman, 1990].
Nonetheless, the most pronounced characteristic of boundary
layer development in the Mexico Basin, namely, the rapid
evening cooling that extends through the entire afternoon
boundary layer, 1s determined primarily by the plateau topo-
graphy rather than the basin topography.

c) flot terrain simulation
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Eigure 11. Potential temperature profiles at 0800, 1100, 1400, 1700, and 2000 LST from (a) plateau-basin
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by the dashed line in Figure 8.
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5.2. Three-Dimensional Simulations

To provide additional insight on how the plain-to-plateau
circulations affect the boundary layer characteristics inside
the Mexico Basin, several cases chosen from the field experi-
ment were simulated using a three-dimensional model config-
uration. Results from a 2-day period (0600 LST on March 3
to 0600 LST on March 5) are presented here. The four radar
wind profilers indicated predominately north-northeasterly
winds above ridgetops at moderate speeds during this time
period. Inside the basin, winds were gencrally weak during
the morning hours on each day and became much stronger in
late afternoon and evening as thermally driven flows entered
the basin The modeling domain consisted of three nested
grids at horizontal resolutions of 36, 9, and 2.25 km,
respectively. The innermost grid covered the Mexico Basin
area, while the outer grid encompassed the entire isthmus and
the surrounding ocean surfaces (Figure 1). All three grids had
42 vertical levels, stretched from a grid spacing of 50 m near
the surface to 1500 m at the model top at 17.8 km. Twenty-
six vertical nodes were placed in the lowest 4 km to allow a
detailed description of the observed deep boundary layer
development over the basin. Eleven soil nodes were used to a
depth of 1 m below the ground surface. Soil type was
specified as sandy clay loam throughout the domain. The
initial soil moisture content was set to 20% of the saturation
value for all 11 soil layers across the domain to reflect the dry
wintertime conditions. Vegetation cover in the domain was
specified from a U.S. Geological Survey 1 km database (159
categories) which was converted to 18 BATS (Biosphere -
Atmosphere Transfer Scheme [Dickinson et al., 1986] cate-
gories in RAMS. Emissivity, albedo, and roughness length
values were set to 0.95, 0.15 , and 2 m, respectively, for the
Mexico City metropolitan area. Surface temperatures at the
ocean grid points were determined by interpolation from
2-week composite sea surface temperature analyses at 1°
horizontal resolution. The model was initialized at 0600 LST
on March 3 with objective analysis fields determined from the
National Centers for Environmental Prediction (NCEP)
aviation model and assimilation of standard U.S. and Mexico
rawinsonde soundings. The five outermost lateral boundary
points 1n the largest domain and the top boundary points on
all three grids were nudged using a simplified Davies scheme
[Wang and Warner, 1988] toward the objective analysis fields
to allow changes in large-scale conditions to influence the
model simulations. Hourly wind profiles at the four basin
sites were also assimilated during the simulations.

To help understand the mechanisms responsible for the
evolution of the temperature profiles, we examined the
modeled heat budget for the basin, which can be written as

lkm —5 1km
6 6. 50
¢ [ pgdi=ep [pltg gy
—_—

1 I (2)

J 0. Fy
(K, 2y + =g,
+az(zaz) az}
111 v

where the overbar indicates a horizontal average over a rec-
tangular area on the basin floor bounded approximately by the
four profiler sites (Figure 1a). Equation (2) was obtained by
horizontally averaging and vertically integrating the thermo-
dynamic energy equation, which states that the change of heat
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Figure 12. (a) Observed and (b) simulated potential tem-

perature profiles on March 4, 1997. The observed profiles are
averaged over the four basin sites Teotihuacan, Cuautitlan,
UNAM, and Chalco, while the simulated profiles are
averaged from the grid points closest to the four sites.

storage in the air column above the basin floor is produced by
horizontal advection (I), vertical advection (II), turbulent flux
convergence (I1I), and radiative flux convergence (IV).

Before examining the individual terms in the heat budget it
is important to consider possible sources of error in their
evaluation. We have no independent means of estimating the
sensible and latent heat fluxes over the Mexico Basin, nor do
we have soil moisture measurements that could be used to
inttialize the surface energy budget module in the model.
Similarly, there are no measurements of aerosol or trace gas
concentrations that can be used to estimate the magnitude of
possible contributions from radiative flux divergence.

Despite such uncertainties, the model does a credible job in
simulating many of the important features of the boundary
layer structure and evolution in the Mexico Basin. A com-
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Figure 13. Simulated and observed hourly horizontal wind vector profiles on March 4, 1997, at

(a) Cuautitlan, (b) Teotihuacan, (c) UNAM, and (d) Chalco.

parison of observed and simulated potential temperature
profile evolution on March 4, the second day of the simu-
lation, is shown in Figure 12. The observed profiles are aver-
ages over the four rawinsonde sites inside the basin and thus
represent the temperature evolution of the entire basin atmos-
phere. The simulated profiles are averages of the profiles at
the four grid points nearest to the four observation sites. The
basin atmosphere on this day exhibited the three typical stages
of boundary layer evolution inside the basin, i.e., rapid warm-
ing and growth between 1100 and 1330 LST, a much slower
growth between 1330 and 1630 LST, and rapid cooling
through a deep layer between 1630 and 1930 LST. The three
stages in boundary layer evolution were captured by the simu-
lation reasonably well, but the modeled CBL heights were
slightly lower and the temperatures within the CBL were
1-2 K lower than observed in the afternoon. The simulated
total cooling in the evening was also lower. A comparison of
simulated winds with the profiler measurements shows
reasonably good agreement at all four sites (Figure 13). The
biggest differences between the observations and the simula-
tions are at UNAM, where the sudden shift in wind direction
after 1900 LST is not well resolved, and at Chalco, where
simulated aftemoon and evening low-level winds are too

weak, and simulated early evening winds in the elevation
range from 0.5 to 2 km do not agree well with observations.

Turning to the heat budget analysis, Figure 14 shows a
time series of the individual terms of equation (2). As
expected, through most of the morning and early afternoon,
turbulent flux convergence heats the basin atmosphere, while
horizontal advection cools the basin atmosphere. The heat
storage peaks around noon as the turbulent flux convergence
reaches its maximum and decreases rapidly in the afternoon
with decreasing turbulent flux convergence and increasing
cold-air advection. The switch from heat gain to heat loss
occurs around sunset when the heat storage term changes
sign, and the rapid heat loss during the next several hours is
dominated by horizontal cold-air advection. This behavior is
consistent with the observations. After the period of rapid
cooling, the horizontal cold-air advection becomes relatively
small and eventually changes from cooling to warming in the
late night and early moming when the basin atmosphere
becomes colder than the surrounding air. The nighttime cool-
ing of the air within the basin is produced by turbulent and
radiative flux divergence, which is partly compensated by
vertical advection.

The role of advection in the rapid cooling of the basin
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Figure 14. Diurnal variation of the individual terms of the
model heat budget equation (equation (2)) as averaged hori-
zontally over the basin floor and integrated vertically to 1 km
above the ground.

atmosphere in late aftemoon and evening can also be seen in
Figure 15, which shows vertical profiles of the model
temperature tendencies averaged between 1600 and
2000 LST. As seen from the heat storage curve, the cooling
occurs throughout the entire boundary layer, with the rate of
cooling decreasing from approximately 2 K h' near the basin
floor to about 1 K h™' at 2 km. The cooling is dominated by
horizontal advection below 1600 m and by vertical advection
above 1600 m.

As noted above, the heat loss derived from the temperature
soundings between 1630 and 1930 LST was larger than the
simulated loss, so the heat budget terms illustrated in
Figure 14 for this period could not account fully for the obser-
vations. The smaller simulated heat loss in the evening was
mostly the result of lower than observed afternoon tem-
peratures in the simulation, suggesting that either the
simulated cold-air advection was too strong or the sensible
heat flux was too small in the afternoon. In other cases that
we simulated, the model often predicts moderate to strong
southerly downslope flows at the UNAM site late in the
aftemoon. The profiler at UNAM, however, observes weak
southerly or northerly flows during these times. This dis-
crepancy results in a further uncertainty in the heat budget
terms. At this time therefore we must conclude that the model
is not able to provide a sufficiently detailed representation of
the boundary layer structure and dynamics to fully explain the
observed heating and cooling rates shown in Figure 6.
Nevertheless, it does appear to give a qualitatively reasonable
description of the roles of the most important contributions to
the heat budget and 1t also provides useful information on the
interaction of the basin and plateau winds. We turn our atten-
tion to some of these features next.

The simulated horizontal wind fields at 250 m agl in the
afternoon and evening in the area of the basin (grid 3) and
over the plateau (grid 2) are shown in Figure 16. Early in the
afternoon at 1400 LST, strong easterly to northeasterly flows
developed over the slopes to the northeast which separate the
elevated Mexico plateau from the coastal plains along the
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Gulf of Mexico (Figure 16a). These flows were a prominent
feature in the Bossert [1997] simulations. An observational
study by Fitzjarrald [1986] found similar flows in the
Veracruz region (Figure 1). The simulation shows that the
strong winds were mainly found over the slopes, while wind
speeds on top of the plateau were much smaller. Upslope
flows also developed over the slopes of the mountains sur-
rounding the basin to the south, southeast and southwest.
These upslope flows were again limited to the slopes and had
little impact on the basin except near the gap in the mountains
to the south-southeast, where a strong southerly flow started
to enter the basin just after this time (Figure 16¢). The wind
through the gap and the general upslope flow from the north-
northeast brought cooler air into the heated basin in early
aftemoon, slowing down the rate of heating of the basin
atmosphere. By 1800 LST the strong northeasterly flow that
originated over the northeast slope of the Mexico plateau pre-
vailed over the northeast part of the plateau and had entered
the basin through the open northern end (Figures 16b and
16d). Southerly winds through the gap also intensified. The
convergence of the northerly and southerly winds within the
basin led to the generation of a strong convergence zone in
the southern part of the basin (Figure 16d).

These results from the three-dimensional (3-D) model
simulation illustrate how the inflow of cooler air through the
openings to the basin reduced the afternoon heating rate, and
they suggest that horizontal cold-air advection was the major
cause for the early-evening rapid cooling of the atmosphere in
the basin, and rising motions associated with low-level con-
vergence were mostly responsible for the cooling above the
basin. The results also suggest that the cold-air advection is a
result of plain-to-plateau circulations that bring air up the
slopes along the Gulf coast to the northeast and the slopes of
the mountains that form the southern boundary of the basin.
These plain-to-plateau circulation systems, first investigated
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Figure 15. Vertical distribution of individual terms of the
model heat budget equation as averaged horizontally over the
basin floor and temporally between 1600 and 2000 LST.
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by Bossert [1997], appear to occur regularly, as is evident
from the composite observed wind profiles in Figure 7, and
they were simulated well in all the cases studied. The
strength of these circulations and their influence on the devel-
opment of the boundary layer over the Mexico Basin varied
from day to day, depending on synoptic wind speed and
direction.

The simulations show that the cool, moist air that flows
rather suddenly onto the plateau in the late afternoon or early
evening is not a sea breeze front that advances up the outer
slopes of the plateau and breaks onto the plateau at this time.
No such traveling front is apparent in the simulations.
Furthermore, sea breeze fronts would have different arrival
times every day, depending on the speed of the advancing
front and the distance to the coast, which would vary with
synoptic wind directions and position in the basin and would

not be consistent with the rather regular time of the cool-air
arrival on the plateau. The simulations, rather, show that the
cool, moist air from the coastal areas is advected up the outer
slopes of the plateau in a plain-plateau circulation, moistening
and cooling the air surrounding the plateau and forming a
baroclinic zone on the plateau edges. In the afternoon a flow
begins to form across the baroclinic zone onto the plateau but
1s held back in locations where mountains or steep slopes on
the plateau edges anchor the rising branch of the plain-plateau
circulation. The flow accelerates onto the plateau in the late
afternoon, however, when the energy budget reverses on the
plateau and the plateau CBL starts to decay. At this time, the
energy budget has also reversed on the slopes, ending the
upslope flows on the plateau outer slopes. Thus the air flow-
ing onto the plateau does not represent a continuous flow up
the slopes from the coastal areas. Rather, air flowing onto the
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plateau comes from the air mass surrounding the plateau that
has been moistened during the day by the plain-plateau
circulation.

6. Discussion of Energetics

The energetics calculations in section 5.2 showed that the
rate of gain of heat storage in the boundary layer between
sunrise and noon was much higher than expected from esti-
mates of surface sensible heat flux. Further, the rate of
decrease of heat storage in the late afternoon and early even-
ing could be explained only by cold-air advection (both hori-
zontal and vertical), and the nighttime rate of loss of heat
storage was m excess of what could be expected from sensible
heat flux alone. Processes that could explain the enhanced
cooling or warming fall into several categories: turbulent sen-
sible heat flux divergence, potential temperature flux associ-
ated with the mean wind (i.e., advection), and radiative flux
divergence. These processes are discussed, in tumn, below.

No sensible heat flux measurements were available from
the IMADA-AVER experiment for comparison to the atmos-
pheric heat storage calculations. Measurements by Oke et al.
[1992] during a similar time period (February 3 through
March 31, 1985) were made in a heavily built-up section of
Mexico City (Tacubaya) where the sensible heat flux was
greatly reduced during daytime by the storage of heat in dense
building materials and did not become negative at night be-
cause of heat release from storage (see Figure 6). Oke et al.'s
25-day-average flux curve was sinusoidal with the peak flux
reaching only 165 W m? at midday. T. R. Oke (personal
communication, 1998) has suggested that sensible heat flux in
the rural areas of the basin during daytime might reach as
high as 80% of the net radiation. Figure 6 shows, however,
that 100% of the measured net radiation gain at the surface
during daytime and net radiation loss during nighttime would
have to be converted to sensible heat flux to explain the
observed heating or cooling of the atmosphere, if one assumes
that the heat sources and sinks are localized within the basin
and that surface sensible heat fluxes are the sole cause.
Because the surface energy budget is driven by net radiation
gain or loss, and some of this energy will be partitioned into
ground heat flux and latent heat flux, some of it will be
unavailable for heating or cooling the atmosphere. The en-
trainment flux at the top of a growing CBL, typically adding
approximately 20% of the surface sensible heat flux [Stull,
1988], cannot be the source of the missing energy because the
energetics calculations are made through depths well above
the CBL where the downward turbulent sensible heat fluxes
are expected to be negligible. Two processes have been pro-
posed previously which are capable of amplifying the sensible
heat flux in complex terrain areas relative to observed sen-
sible heat fluxes on the basin floor or observed fluxes in flat
terrain areas. First, sensible heat fluxes on mountain slopes
are expected to be higher than measured fluxes on a basin
floor because of the shear and turbulence associated with
upslope flows [Whiteman et al., 1996, Fast et al., 1996].
Thus measurements on the floor of a basin are not represen-
tative of the basin as a whole. Second, in an enclosed volume
such as that in a basin or valley, energy inputs and outputs
produce larger air temperature increases and decreases than
would be produced in a flat-floored volume of the same depth
and drainage area [Steinacker 1984]. The amplification of the
daily temperature range in a confined topographic volume
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relative to a volume that is not limited by the sloping side-
walls, termed the topographic amplification factor (TAF), can
reach 2 1n linear v-shaped valleys and 3 in axially symmetric
basins with v-shaped cross sections [ Whiteman, 1990]. How-
ever, the broad Mexico Basin, with a nearly flat floor, would
have an amplification only fractionally larger than 1, and its
effective TAF would be reduced further toward 1 after the
daytime CBL grows above the height of the ridgetops, as heat
would no longer be confined within the basin.

Because the air in the coastal areas surrounding the plateau
and basin is considerably cooler than the air over the basin
during daytime and only slightly warmer by sunrise
(Figures 5b and 5a), advection on this scale is incapable of
producing daytime warm air advection over the basin, except
durning a brief period after sunrise, and cannot explain the
enhanced daytime atmospheric heat storage rates, which
exceed what would be obtained with a sinusoidal surface sen-
sible heat flux curve that peaks at 600 W m? at noon
(Figures 3 and 6). On the basin scale, however, upslope
flows, which form over the basin inner sidewalls after sunrise,
with warm rising air over the heated slopes and compensatory
sinking motions producing warming over the basin center, are
likely to produce enhanced heating in the basin during the
first few hours after sunnse. Similarly, convergence of down-
slope flows over the basin center at night with corresponding
rising and cooling over the basin center are likely to enhance
the nighttime cooling.

Radiative flux convergences or divergences might help to
explain the enhanced warming and cooling rates in the basin.
Absorption of solar radiation by boundary layer aerosols has
been proposed by earlier investigators [e.g., Zdunkowski
et al., 1976; Ackerman, 1977] to explain enhanced warming n
polluted atmospheres. Angevine et al. [1998] recently esti-
mated that direct aerosol heating accounted for 20% of the
total heat flux from all sources in a case study of boundary
layer growth near Champaign-Urbana, Illinois. Direct radia-
tive absorption by aerosols heats the boundary layer without
the losses to latent heat flux and ground heating that would
occur if this conversion of solar radiation to sensible heat flux
occurred at the ground. If direct solar absorption occurs on
aerosols, insolation at the surface would decrease. This
feature could be tested in the future with a line of pyranom-
eters up one of the slopes above Mexico City.

7. Conclusions

Data analyses and numerical model simulations have been
used to investigate the evolution of boundary layers and
diurnal wind systems over the Mexico Basin and Mexican
plateau during the winter dry season and to determine how the
topography affects this evolution.

The Mexico Basin, where Mexico City is located, exhibits
few of the meteorological characteristics of a basin or valley.
It does not have a well-developed diurnally reversing valley
wind system as one would expect from a valley, and it does
not develop the strong nighttime temperature inversions
expected of a basin. Rather, the main meteorological features
seen in analyses and simulations are associated with the
Mexican plateau on which the basin is located. A deep mixed
layer grows above the isolated plateau during daytime, pro-
ducmng a strong horizontal temperature contrast between the
warm air over the plateau and the cooler air in the surround-
ings of the plateau. Regional diurnal wind systems are driven
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by the strong thermal contrasts, bringing cool air from the
surrounding ocean areas onto the plateau during daytime and
strongly affecting the diurnal evolution of the boundary layer
over the plateau. The phasing of these diurnal circulations is
especially interesting.

The rate of change of atmospheric heat storage in the air
column above the basin was calculated from the heating or
cooling observed between consecutive potential temperature
soundings. The rate of change of heat storage exhibits a tem-
poral asymmetry relative to solar noon. The atmospheric heat
storage increases rapidly in the moming but falls off gradually
after noon. Simulations attribute the afternoon falloff in the
rate of increase of heat storage to regional diurnal winds that
bring cool air onto the plateau and through gaps into the
basin, suppressing the aftemoon CBL development some-
what. This afternoon leakage of cold air onto the plateau
from the surroundings occurs preferentially on low edges of
the plateau. Where mountains are present at the plateau edges
or the edges of the plateau are steep, the terrain effectively
holds back the afternoon flow of air onto the plateau by virtue
of strong rising motions that form over the plateau edges.
These rising motions represent the rising branch of a plain-to-
plateau circulation that forms over the coastal plains and
plateau slopes with a return flow aloft toward the coastal areas
and sinking motions over the oceans. This circulation pro-
duces an intense baroclinic zone around the periphery of the
plateau during daytime, separating the warm air in the con-
vective boundary layer over the plateau from the cooler air
surrounding the plateau.

The surface energy budget on the plateau and its side
slopes reverses shortly before sunset. At this time, the strong
rising motions that anchor the plain-to-mountain circulations
on the plateau edges cease and cool air converges onto the
warm plateau rather suddenly as air flows across the
baroclinic zone that has built up during the day around the
periphery of the plateau. The regional-scale flow onto the
plateau 1s strongest at the lowest levels of the atmosphere
where the horizontal temperature gradients are strongest. The
horizontal convergence of cool air onto the plateau and into
the basin leads to rising motions that rapidly cool the atmos-
phere above the plateau and basin. Observations above the
basin document this very rapid cooling which, between 1630
and 1930 LST, counteracts more than half of the daytime heat
storage gamn. Equilibration between the warm boundary layer
air over the plateau and the cooler air surrounding the plateau
is enhanced not only by the increased cold air inflows at low
levels but also by gravity waves that propagate away from the
plateau center when the domed entrainment zone (Figures 9a
and 9b) at the top of the daytime convective boundary layer
dissipates (Figures 9c and 9d). The equilibration produces
horizontal isentropes across the Mexico isthmus by late night,
so by sunrise, the temperature and stability of air over the
plateau differ little from air surrounding the plateau at the
same clevation. The surface energy budget reversal that
signals the sudden increase of regional scale convergence also
produces shallow downslope flows over the inner and outer
slopes of the plateau. Local downslope flows that develop on
the inner sidewalls of the basin add to the regional conver-
gence. These flows continue through the night after the
regional-scale flows decay, producing a marginally enhanced
stable layer above the floor of the Mexico Basin as cold air
converges over the basin floor.
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Our research follows Bossert's [1997] meteorological case
study simulations of the Mexico Basin and has confirmed
several aspects of his work, including his basic finding that
regional and multiscale flows have important effects on the
Mexico City area (and thus on air pollution dispersion). We
have added further information on boundary layer develop-
ment, energetics, and climatology. Our simulations make use
of the same mesoscale meteorological model, and while hav-
ing access to larger quantities of experimental data, we must
reiterate his comments regarding the lack of experimental data
against which to evaluate the model simulations, especially
those on the plateau scale beyond the boundaries of Mexico
City. Further data are needed on the wind and temperature
structure evolution above the slopes of the basin and the
plateau and on the surface and atmospheric energy budgets
over the region. The role of Mexico City aerosols on the
atmospheric heat budget, the role of gravity waves in the
destruction of the daytime mixed layer, and the origin, struc-
ture, and timing of air currents coming onto the plateau and
into the Mexico Basin are all topics that need further work.
Our model-based diagnostic studies have pointed out several
areas where model improvements are needed for complex
terrain simulations.
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