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INTRODUCTION

Los Alamos National Laboratoryand Instilu,o Mexicano del Petroleo are completing a joint

study of options for improving air quality in Mexico City. The US Department of Energy

supported the efforts of the Los Alamos investigators, while PEMEX supported the efforts

of the Mexican researchers. One of the flu'ststeps in the process was to develop an

understanding of the existing air quality situation. In this context we have modified a three-

dimensional, prognostic, higher orderturbulence model for atmospheric circulation

(HOTMAC) to treatdomains which include an urbanized area This sophisticated

meteorological model is requiredbecause of the complexity of the terrainand the relative

paucity of meteorological data. Mexico City lies at an elevation of approximately 7500 feet

above sea level in a "U" shaped basin which opens to the north. The city occupies a

major part of the southwest portion of the basin. Upper level w_nds are provided by

rawinsondes at the airport, while low-level winds are measured at several sites within the

city. Many of the sites have obstructed upwind fetches for a variety of directions. During

the wintertime when the worst air quality episodes occur, the winds are frequently light,

and out of the northeast at lower levels, while above 1000 meters above the surface they are

usually from the southwest. This means the winds are light within the city, but significant

slope winds develop which influence the behavior of the pollutants.

Frequently, the winds in the basin change as a seabreeze penetrates the basin from the

northeast. The seabreeze produces a much different wind regime after its arrival in the late

afternoon or early eve:ring. This makes it important to update the winds in a realistic
fashion.

THE METEOPOLOGICAL MODEL HOTMAC

Model Description

HOTMAC is a three-dimensional time-dependent model (Yamada,1981,Mellor and Ya-

mada, 1982, Yamada, 1985). It uses the hydrostatic approximation and a terrain

following coordinate system. HOTMAC solves conservation relations for the horizontal

win0 components, potential temperature, moisture, turbulent kinetic energy, and the

turbulence length scale. HOTMAC describes advection, Coriolis effects, turbulent transfer

of heat, momentum, and moisture. It also describes solar and terrestrial radiation effects,

turbulent history effects, and the drag and radiation effects of forest canopies. The lower

boundary conditions are defined by a surface energy balance and similarity theory. The

soil heat flux is obtained by solving a heat conduction equation in the soil which ignores

lateral heat transfer. In an urban context the surface energy balance requires an additional

term which represents the heat released by man's activities. The additional heat, along
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with differences in thermal and albedo properties between urban and non-urban surfaces,

produces the urban heat island.

At the start of this project, HOTMAC used two major sets of inputs: (1) topography and (2)

a single vertical prof'fle of winds, temperatures, and relative humidity. The topography

consisted of terrain heights at half grid intervals over the domain and indices that showed

which computational cells were covered with water and which had trees. In the case of

trees, the fraction of the area of the cell which was covered by trees was also required. In

the instance of cells covered by water, the ground temperature is fixed and the air at the
surface is saturated.

The meteorological profile is used to describe the synoptic (large-scale) conditions of

winds, temperatures, and moisture. The model is initialized with the potential temperature

assumed to be the same in every location for any given height above mean sea level.

Potential temperature is the temperature of a parcel of air adiabatically compressed to sea-

level pressure. On the lateral boundaries the winds, moisture, and temperatures are the

result of solving a one-dimensional form of the model in which parameters vary only in the

vertical direction. The placement of the boundaries is normally chosen so that all the major

terrain influences on the region of interest are included within the computational grid.

Mesoscale models are designed for circumstances in which the local terrain influences are

significant and make the meteorology more predictable than might otherwise be the case.

The top boundary of the model is fixed at a constant height above sea-level and is a no flow

boundary. The model uses a vertical grid which is linear for a specified number of cells,

but then increases parabolically to the top. The horizontal grid is staggered so that the east-

west and north-south wind components are calculated at points that are off-set one-half grid

in the corresponding directions. The model uses the alternating-direction implicit

differencing technique which provides high accuracy and stability. The model uses a

nested grid system so that areas of importance can be treated in much greater detail. In the

current version, the innermost grid is one third the scale of the next larger grid. The

computational time is dominated by the requirements of the innermost grid so that the outer

grids require little computational time.

Model Development

Early in this project, three days, representing poor, good, and normal air quality were

chosen for detailed modeling. All of the days were in the winter of 1987-88.
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Meteorological inputs were based on the afternoon rawinsonde of the preceding days which

was used to estimate synoptic scale wind and temperature profiles. We used a nested grid

system to model the valley of" "--" .... "IYII_AII.,U d.lld it_ ...... na;n. te,-_in _ nuler grid has a 6

km spacing and covers the major terrain influences as shown in Figure 1. The inner grid

is shown enclosed in the rectangle of Figure 1; it embraces the city and the immediately

adjacent slopes. The individual characters plotted on the Figure are monitoring site.s

operated by the Mexican Urban Development and Ecology Secretarial The symbol "Y"

for instance represents the hangares station at the airport, while "X" represents at station in

the downtown area. The higher terrain to the north of the city in the inner grid is Pico de

Tres Padres. The high volcanoes are in the southeast comer of the outer grid. The inner

grid has a resolution of 2 kin.

. The original version of HOTMAC developed the large scale winds from the winds used to

initialize the model. Essentially, a single wind speed and direction aloft are used to

produce the effects of varying large scale pressure systems. In order to have a wind shear

above the lowest levels, the model allows the user to specify two wind levels. The result

of the coding is to add additional factors in the conservation equations for the two

horizontal components so that the winds are nudged toward the desired winds at the

specified levels. The first alteration for time-varying winds was to permit the input winds

aloft to be variable with time. The winds nudged to at any given hour would be

interpolated in time between the input values at the two nearest times for which measured

winds were available.

. This approach, however, suffers from two deficiencies: (1) the low-level driving winds are

not changed unless the specified levels are quite low and (2) the differences between the

measured wind and the large-scale wind are not considered. The lack of low-level wind
=i.

changes was solved by nudging the lowest level winds to the average wind for the lowest

500 meters of the atmosphere. The measured wind normally reflects both the large scale

wind and the local influences of topography and surface features.

The procedure to adjust for the difference between the local and large scale wind was based

on using the model to estimate the local wind in the lowest 500 meters. Essentially two

model runs are made. In the first run average upper level conditions are used and the low

level winds are nudged to very low values to represent no large scale forcing. Typically

this model run is for one and a half days with one-half day to spin the model up and one

day to provide hourly local wind estimates. The local winds are then subtracted from the
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measured winds andthe nudging is done to the difference in the full simulations. This

procedure permits themodel to reproduce the measurements and make good estimates for

other points. It also shows good performance over many days without reinitializing the

model.

COMPARISON WITH MEASUREMENTS

Model Application

Measurements arevery important to provide model inputs and to help understand the

limitations and performance of the models. For the meteorological model there were six

types of measurements which were available to provide insight into the model's

performance. The measurements are: (1) surface station winds, (2) Rawinsonde profiles,

(3) tethersondeprofiles,(4) aircraft meteorological profiles, and (5) aircraft elevated winds.

It is important to realize that the model and the measurements are not necessarily attempting

to represent the same item. For example, the surface winds are measured at a single site

and represent one hour scalar averages of the wind direction and wind speed. At the same

time, the model provides one hour ensemble mean vector averages of the wind over a 2

kilometer by 2 kilometer grid with a vertical depth appropriate to the grid cell. The model

takes the ground level as the street level and includes the buildings as the above ground

canopy. The measurement sites are usually chosen to be in more open areas, but they may

be influenced by nearby buildings or trees.

There were two periods in which detailed comparisons were made with a variety of

measurements. The fin'stperiod was February 21 through February 22, 1991 which was a

period with a good scope of measurements and was also a period in which high ozone

concentrations occurred in the southwest portion of the city on February 22. This period

represents a classical pollution episode. The second period is from February 25 through

February 28, 1991. There were fewer measurements available during this period, and the

highest ozone occurred in the downtown region on February 28.

During the f'LrStperiod, the simulations were begun with information from the late

afternoon and early evening rawinsonde measurements at the airport. In the Mexico City

work, the data were available at increments of about 75 meters in height. About 7

rawinsondes were made each day. During both periods, the upper level winds at 2000 and

3000 meters above the surface were based on the rawinsonde measurements.

During the fLrStperiod, the low-level winds were obtained by averaging the winds between

250 meters and 750 meters from the tethersonde which was made at the polytechnic site.
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The tethersonde measurements were made with a tethered balloon. Wind speeds, wind

directions, p_, andwet bulb and dry bulb temperaturewere measured at each height.

Typically, the cable is slowly reeled out, a measurement made and the cable is released to

make a new measurement. The teff_er-_rale spends a short time at each height and it takes

most of an hour to cover the atmosphere up to the maximum height. In contrast the

rawinsonde takes a much shorter time to traverse the same height and produces data at

much larger intervals. The model requires an ensemble mean wind and thus the

tethersonde provides a better approximation of the required input. For the second period

where relatively few tethersonde profiles were available the rawinsonde profiles were used.

The model begins with the temperature being horizontally uniform; this situation is best

approximated by an afternoon situation in which the atmosphere is well-mixed.

Normally, the profile taken about 5 p.m. at the start of the simulation was used. The

temperature and relative humidity profiles were used to define an approximate profile which
was used.

Comparison to surface station winds

The model produces volume averaged, ensemble mean vector winds. These winds are

interpolated between grid cells to the monitoring locations. The measurements, which

were provided by SEDESOL, represent scalar averaged wind speeds and directions. In

the scalar averaging of the directions the previous wind direction is considered. For

example, if the wind were from 350 degrees one minute and 5 degrees the next; 360

degrees would be added to the 5 degrees to make 365 degrees for averaging purposes. In

addition to the averaging techniques, stations may have local influences which would be
too fine scale for the model.

There are two kinds of displays which were developed to help understand the model

performance: (I) hourly plots in which the model wind vectors are shown along with the

measured winds and station locations, and (2) daily time profile plots in which either the

wind direction or the wind speed is shown in comparison to the measurements.

In both cases the terrain is also shown as well as the locations of the sites. Figures 2

through 5 show hourly comparisons for the morning, afternoon, moming transition and

evening for February 25. The symbol Y repre_nts the hangers station of the SEDESOL

network, which is located at the airport. The mountains in the upper central area are Pico

de Tres Padres which are north of the city center. The arrows at regular intervals show the

modeled wind speeds and directions while the arrows near the letters show the measured



wind _ and directions. The modeled values are for 26 meters in the terrain following

coordinate system which corresponds to about 40 meters above the ground. This height

was chosen because it is the first height above the highest point of the canopy for which

calculations were made. I

fThe 7 a.m. slope winds as evidenced by stations U and T which are closest to the

mountains are well represented. Station B is not well represented, but it generally seems !

to show anomalous behavior. The city stations such as X and Y show a somewhat

different behavior which is not what might be expected b'_cause of the likely local effects.

There is also some suggestion in the data that there is more wind convergence over the city

than the model shows, as seen by winds from the west on the west side of the city and

winds from the east on the east side of the city. The transition to upslope flows occurs at

about I0 a.m. and the model is showing a less developed transition than are the

measurements. At 2 p.m., Figure 4 shows the afternoon flows with fully developed slope

winds. At 6 p.m., winds out of the west dominate the flow fields and there is fair

agreement between the model and the measurements. This wind is likely the result of a

coupled see-breeze and valley breeze from the Gulf of Mexico. Model simulations with

RAMS model and a t._rgeenough domain to include both oceans predict the occurrence of

these winds. These four Figures demonstrate the variety of wind conditions which can

occur in the valley. They also show that the model does a reasonably good job of

represewing the major features.

Figure 6 shows the time profiles of wind directions at all sites on February 25, while

Figure 7 shows the time profile of wind speeds at all sites on February 25. In Figure 6,

the entire model domain is shown so that the two dark areas on the lower right hand side

are the two 17,000 ft plus volcanoes, the central splotch is Pico de Tres Padres, while the

Y is the airport. The model shows good behavior for stations U and T, although there are

some large fluctuations in the measurements which may be the result of afternoon clouds

which are not represented in the model.

The wind speeds shown in Figure 7 underestimate the increase in the late morning and

aftemoon winds. Part of this difference may be related to the difference between vector

averaged winds and scalar averaged speeds. For an extreme example, suppose that the

wind for one minute was from the north at 2 meters per second and then it shifted to the

south for the next minute. The vector averaged wind for the two minutes would be zero

while the scalar averaged winds would be 2 meters per second. Actual experiments as
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reportedbyDr.HectorG.RiverosR.oftheInstimtodeFisicaatUNAM show thatrite

scalaraveragescanbemuch grealerthanthevectoraveragesduringcircumstanceswhere

the mean winds are light and the turbulentfluctuations are large. From an air transport

point of view the vector average is the more relevant because thecritical question is how

long does the same air mass remain near _¢ sour_ and ex_."_._e increased

concentrations.

Figures 8 through 10 show the comparisons between measured and modeled wind

direction prof'flesfor Februmy 26 through February28 respectively. While Figures 11

through 13 show the comparisons for wind speeds. The simulations show relatively

good agreement despite the fact that the winds were driven with rawinsondes and the fact

that the simulation extends for a relatively long period. The wind slr.ed comparisons

show a similar behavior to that found on February 25.

Comparison to Rawinsonde Measurements

Figures 14 through 18 report the comparison between the winds speeds and directions

reported by the rawinsondes and the model rep_entation. The mo_l only uses the

average of the rawinsonde winds over the lowest 500 meters and the rawinsonde winds at

2000 meters and 3000 meters. The model generally does a reasonable job of representing

the rawinsondes although there are several instances in which the model gives lower wind

speeds. The technique of using averaged wind components over the lower 500 meters

would tend to give lower wind speeds. An example of this performance is found on

Figure 14 for the set at 8 am on the 25th. The winds vary from 90 degrees to 340 degiees

in the lowest 500 meters and the model underpredicts winds speeds by almost a factor of

two.

There is one feature of the wind speed measurements which the model does not replicate.

In Figure 15 the hours of 11, 14, and 17 on the 26th all show high wind speeds near the

surface at times when the atmosphere should be well mixed. These winds probably

represent either a very local effect or, perhaps the balloon launching is ,_ta slightly different

point than that assumed. In Figure 11 we note that the model exhibited a better agreement

with measurements of wind speeds than on most other days, so that the failure to predict

high near surface w:'nds as shown by the rawinsonde measurements did not adversely

affect the overall model performance.

Some of the worst model performance occurs late in the afternoon of the 27th as shown in

Figure 12. Figure 17 sheds some light on this problem. The rawinsonde wind profile at



hour 17 on the 27th shov._ that the measured winds are much higher at lower levels.

Since the model uses only the lowest 500 meters and the 2000 and 3000 meter winds, it

has no information on the higher winds between 500 meters and 1000 meters.

Consequently it gives lower wind speeds than it should.

Performance Summary

Researchers (Tesche et al., 1990) funded by the California Air Resources Board, have

suggested procedures for evaluating the performance of photochemical models. They

suggested many graphical outputs and a suite of statistical measures. Included among the

statistical measures are: (1) model means, (2) mean observation, (3) standard deviation of

model estima _tr.s,(4) standard deviation of observations, (5) least squ_res regression

statistics, (6) root means square error (7) systematic root means square error (8)

unsystematic root mean square error (9) index of agreement,(10) skill error, and (11) skill

variance Many of these terms are well understood, but some may r,_quire explanation.

Specifically the regression is of the form:

_pi = a + b _oi

so that the predictions, _pi are regressed against the observations, Ooi with intercept a and

regression coefficient b. The systematic root mean square error is then defined as:

RMSEs = 0pi - Ooil 2
0__.

while the unsystematic root mean square is:

The index of agreement is given by:

I= l-[ N N (_.RRMSE)__22 ]
/ E( IP'il + IO'il) 2
Li=l

with P'i = Opi "0o, and O'i = Ooi - 0o. The range of I is from 0 to 1 with 1

representing perfect agreement. The skill erroris given by:

SE- RMSEu
Oo

while the skill variance is given by:

SV_°P
OO



Tim computation of these statistical parametersis straightforward for the wind speeds and

mixing layer heights, but wind Oirectionspose a more difficult problem. Because of the

difficulty with circular data, techniques developed by Mardia(Mardia, 1972) were used to

calculate a regre.ssion relationship which is analogoes to the standard regression on a line.

Table I summarizes the statistics for wind speeds at the monitoring stations for six days:

Wind Speed Statistics
Model _ 2.4

Observation mean 4.8

Standard deviation of predictions 1.2
Standard deviation of observations 3.0

= ill •

Regression intercept 1.8

Regression coefficient 0.14

Correlation coefficient 0.32

Root mean square error 3.7

Systematic root mean squareerror 3.5

Unsystematic root mean square error 1.2

Index of agreement 0.49

Skill error 0.40

Skill variance 0.42

Note that the bulk of the disagreement is represented by the systematic error.

Table II summarizes the statistics for wind directions at the monitoring stations for six

days:

Wind Direction Statistics
• i

Model mean 161.
el i|l

Observation mean 203.

Standard deviation of predictions 74.
Standard deviation of observations 94.

Regression intercept 79.

Regression c_efficient .42

Correlation coefficient xx
i= | i

10



Root mean square error 87

Systematic root mean square error 80.

Unsystematic root mean square error 72.

Index of agreement 0.73

Skill _,-Tror 0.96

Skill variance 0.7 9

The correlation coefficient is not shown, since it is not calculated for circular data.

Generally the model captures the major meteorological features; the winds respond well to

major changes in forcing winds. The slope winds develop appropriately and COUl_lewell

with the large scale conditions. There are some areas, however, which could be improved.

For instance, the model does not have quite as much convergence over the city as it should,

and it also look:; as though the temperatures do not drop as much at night as they should.

The wind speeds seem to be a little low. The iight wind speeds could be a function of the

way layer averaged winds are used as input, or they may reflect the fact that the model is

currently not using some of the information from the soundings in the range from 750

me_rs to 2000 meters above ground. In a layer where winds are turning with heights

averaging over 250-750 meters, the wind speeds may actually be artificially reduced.

Generally, the model is able to incorporate the changing winds and produce good

simulations of the winds. There are areas which could stand further improvement such as

the use of averaged winds which probably tends to produce lower wind speeds than are

measured.

CONCLUSIONS

A new wind updating system has been developed and applied to air quality studies in the

Mexico City region. The model takes into account the local winds and makes the

appropriate adjustment to provide a good representation of the changes in the winds over

time. The modeling system could probably be further improved by using representative

wind speeds in the lower 500 meters rather than speeds derived from vector averages over

• e lowest 500 meters.
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Figure 1. Meteorological model domains for the Mexico City simulations. Inner grid is enclosed
by the box in the center.
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Figure 3. Measured and modeled winds at 10 am on February 25, 1991.
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Figure 2. Measured and modeled winds at 7 am on February 25, I99 l.
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Figure 7. Comparison between the modeled and measured wind-speed time profiles on February
25, 1991.
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Figure 9. Comparisonbetween the modeled and measured wind-direction time profiles on
February 27, 1991.
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Figure 11. Comparison between modeled and measured wind-speed time profiles on February 26,
1991.
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Figure 12. Comparisonbetween the modeled andmeasured wind-speed time profiles on February
27,1991.
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Mexico C ity Winds, Febru&ry 1991
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Figure 14. Comparison between modeled (dashed lines) and measured vertical wind profiles
at the Mexico City airport on February 25, 1991.
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Mex ico C i ty W incls , February 1991
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Figure 15. Comparison between modeled (dashed lines) and measured vertical wind profiles
at the Mexico City airport on February 25 and 26, 1991.
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Figure 16. Comparison between modeled (dashed lines) and measured vertical wind profiles
at the Mexico City airport for February 26 and 27, 1991.
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Figure 17. Comparison between modeled (dashed lines) and measured vertical wind profiles
at the Mexico City airport for February 27 and 28, 1991.



II' .Ik _"

Hexico City Winds, February 1991
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Figure 18. Comparison between modeled (dashed lines) and measured vertical wind profiles
at the Mexico City airport for February 28, 1991.
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