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Abstract. Mexico City lies in a high altitude basin where 1 Introduction

air quality and pollutant fate is strongly influenced by local

winds. The combination of high terrain with weak synop- The interaction of a low level jet with regional air flows into
tic forcing leads to weak and variable winds with complex the Mexico City basin leads to complex convergence patterns
circulation patterns. A gap wind entering the basin in the af-that determine the concentration and fate of air pollutants,
ternoon leads to very different wind convergence lines overwith strong associated health effectddlina and Molina

the city depending on the meteorological conditions. Surface2002. The Mexico City Metropolitan Area (MCMA) lies in
and upper-air meteorological observations are analysed dui dry lake bed at 2240 m altitude surrounded by high moun-
ing the MCMA-2003 field campaign to establish the meteo-tains on three side€ossert(1997 modelled the local wind
rological conditions and obtain an index of the strength andcirculation and showed distinct pollution venting patterns de-
timing of the gap wind. A mesoscale meteorological modelpending on the interaction of the synoptic and local winds,
(MM5) is used in combination with high-resolution satellite and in particular on the combination of the Pacific and Gulf
data for the land surface parameters and soil moisture mapgoast sea breezes with the mountain wirli#cilevich et al.
derived from diurnal ground temperature range. A simple(2003 examine cases of convective transport of pollutants in
method to map the lines of wind convergence both in thethe basin and the flushing of pollutants through the passage
basin and on the regional scale is used to show the differento the southeast.

convergence patterns according to episode types. The gap The IMADA-AVER field campaign Doran et al. 1998

wind is found to occur on most days of the campaign and ismade extensive meteorological observations in the basin and
the result of a temperature gradient across the southern basfaund large day-to-day variation in the wind patterrzast

rim which is very similar from day to day. Momentum mix- and Zhong(199§ describe in detail some of the wind pat-
ing from winds aloft into the surface layer is much more vari- terns leading to high surface ozone concentrations, including
able and can determine both the strength of the flow and théhe presence of a convergence zone that moves through the
pattern of the convergence zones. Northerly flows aloft leadVICMA from south to north. This is due to southerly gap
to a weak jet with an east-west convergence line that prowinds forming in a mountain pass in the southeast of the
gresses northwards in the late afternoon and early evenindasin near Chalco. As they enter the basin, they encounter
Westerlies aloft lead to both stronger gap flows due to chanthe northerly surface winds from the Mexican plateau and
nelling and winds over the southern and western basin rimsweep through the city transporting air pollutants with them.
This results in a north-south convergence line through theWhiteman et al(2000 analyse the heat budget in the basin
middle of the basin starting in the early afternoon. Improvedto highlight the importance of an influx of cool moist air
understanding of basin meteorology will lead to better airthrough the Chalco gap. This cooling term is larger than
quality forecasts for the city and better understanding of thethe solar heat flux in the afternoon and is similar to flows
chemical regimes in the urban atmosphere. described bKimura and Kuwagat&1993 (see below)Do-

ran and Zhong2000 analyse this gap flow in terms of the
heat balance on the regional scale and across the basin rim
to find that the jet strength is a function of the thermal forc-
ing. A different episode was analysed Bgzcilevich et al.
Correspondence td3. de Foy (2005 who found a north—south convergence line forming in
(bdefoy@mce2.0rg) the city in January 2001.
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Stensrud 1996 reviews the climatological importance of to represent the flow features.
low level jets and their impact on deep convection. While Kossmann and Fiedlg2000 analysed the diurnal mo-
their focus is on the regional scale, they review low level jetsmentum budget of thermally induced slope winds. The bal-
induced by terrain effects on smaller scales. They also sugance between the buoyancy and pressure gradient forces with
gest that model simulations of low level jets may serve asthe friction forces was found to determine the strength of the
a proxy for evaluating the accuracy of the simulated plane-slope flows. These were also found to react to changes of
tary boundary layerKimura and Kuwagat§1993 study in forcing within 120 s. The formation of a mesoscale heat low
greater detail the thermal forcing in an elevated basin, leadwas described biKossmann et al(2002 in an alpine lake
ing to low pressures and a strong flow from neighbouring val-basin. This is similar t&imura and Kuwagat41993 and
leys over mountain ridges. Optimum conditions are a basinleads to an intrusion of cold air into the basin in the late af-
less than 100 km and mountain ranges slightly lower than theernoon.Regmi et al (2003 find a similar situation in Kath-
mixing height. Banta and Cottoi(1981) analysed the struc- mandu, Nepal. Shallow surface influx of cool southwest-
ture of the local wind systems in a broad mountain basin ancerly air from the Indian plateau forms a stable layer beneath
found that in addition to night-time drainage and day-time northwesterly valley flow. The resulting layers suppress ver-
up-slope flows, there were afternoon winds due to down-tical mixing and lead to high air pollution events.
mixing of momentum aloft into the boundary layer. Both  The present study is focused on the meteorological
of these studies are particularly relevant to the Mexico Cityepisodes occurring during the MCMA-2003 field campaign
basin as itis of the order of 100 km wide and has high mixing (de Foy et al.2005 which took place from 1 April to 5 May
heights that reach into the tropospheric free flow. 2003. Three different wind circulation episode types are pro-

A number of recent field campaigns have taken place inposed for the duration of the campaign. O3-South are days
mountain valleys and basins. The Vertical Transport andwhen ozone is high in the south and a weak late afternoon
Mixing (VTMX, Doran et al. 2002 field campaign stud- gap flow forms in the southeast. O3-North days are when
ied the meteorological processes in Salt Lake city in Oc-the ozone peak is in the north due to the combination of a
tober 2000. Banta et al.(2004 found that cold drainage strong gap flow and winds over the south and west edges of
flows from the surrounding mountains could lead to conver-the basin. Cold Surge days are when cold northerlies sweep
gence in the basin and vertical motion within a cold stablethe basin atmosphere clean.
atmosphere.Rife et al. (2009 looked at the performance This paper seeks to build on the analysisDairan and
of a range of mesoscale meteorological models for the comzhong (2000 for the wind jets occurring during MCMA-
plex local flows measured during VTMX. They found that 2003, classifying the results according to the three episode
by standard verification measures, high resolution modelsypes. Convergence zones suggestedFagt and Zhong
did not perform significantly better than the regional mod- (1999 are shown explicitly thereby illustrating the interac-
els. This was traced to the high fraction of spectral powertion of synoptic and local scales proposedBnsseri{1997).
in the sub-diurnal range which the models cannot simulate After describing the observations and model used in
exactly. Nevertheless, the high resolution models did sim-Sect.2, the synoptic conditions during MCMA-2003 will be
ulate the fine flow features more realistically. Accounting reviewed in Sect3 and the model results will be evaluated
for the spectral power range of the observations suggests tha Sect.4. Sections5 and 6 will describe the low level jet
the high resolution models do perform better. Mexico City and the convergence patterns. Sectionill discuss how the

has the potential for similar model validation issues givencirculation patterns relate to the local and synoptic forcings.
the weak and variable surface winds and the possibility for

drainage flows to interact with urban heat island effects.

The Mesoscale Alpine Programme (MAMayr et al, 2 Observations and model description
2009 provided extensive measurements in a gap through the
Alps. The aim of the study is to study the interaction of The observations describedde Foy et al(2005 are used,
the gap flow with the flow aloft, develop local forecasting in particular the surface meteorological observation network
methods and improve model verificatiotang! et al.(2004) and the radiosondes of the Mexican National Weather Ser-
developed the MM5 model to use true horizontal diffusion. vice (Servicio Meteordlgico Nacional, SMN) and the moni-
This leads to improved simulations of the progression of thetoring data from the campaign super-site at the National Cen-
Foehn down the valley and its impact on the cold air pool attre for Environmental Research and Training (Centro Na-
Lake Constance due in part to the improved modelling of thecional de Investigadin y Capacitadéin Ambiental, CENICA)
vertical turbulent mixing. It was also used for Mexico City as well as the surface ozone measurements from the Ambient
leading to improved surface wind simulatiome(Foy et al.  Air Monitoring Network (Red Autoratica de Monitoreo At-
2006. Liu et al. (2000 describe a different low level jet in  mosfrico, RAMA). Figurel shows the radiosonde and sur-
Iran where a synoptic surface high leads to a gap wind and aface stations along with geographical reference points. Fig-
outflow of cold air down valley. The forces determining the ure 2 shows the basin topography and the urban area along
strength of the jet are analysed, as is the ability of the modelith the stations in the MCMA. All times in this paper are
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Fig. 1. Map of Mexico showing locations of radiosonde obser- -l

vations: Mexico City (GSMN), Manzanillo (MANZ), Acapulco
(ACAP), Veracruz (VER) and Brownsville, Texas (BRO). Also sioo , ‘ ‘ ,
shown are the surface stations Ciudad Constitucion (CDCO) and 440 460 o E:;Tkm) 520 540 560
Matamoros (MATA) and the limits of the 3 MM5 domains.
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Fig. 2. Map of the Mexico City basin with topography repre-

sented by shading and the MCMA urban area (as of 1995) in beige.

stated as qual tlme,'per f'?ld campaign guidelines, which ISCampaign supersite was at CENICA. Circles denote SMN stations.
Central Daylight savings Time (CDT=UTC-5h). Black line A-B is the cross-section used in Fy.
The basin circulation is simulated using the Pennsylvania

State University/National Center for Atmospheric Research

Mesoscale Model (MM5Grell et al, 1993 version 3.7.2 us-  soil moistures of 0.18 to 0.08 fym? for the surface layer,
ing three nested grids with one-way nesting. The grid resolu0.22 to 0.12 for layer 2 and 3 and 0.3 to 0.2 for layer 4
tion used is 36, 12 and 3 km, with 430, 55x64 and 661 (j.e. points with the largest diurnal temperature range have
grid cells for domains 1, 2 and 3, respectively. The simula-the driest soils). Gaussian smoothing was applied to all the
tion procedure is described in detailde Foy et al(2006  fields; one pass for layers 1 and 2, two passes for layers 3
and makes use of high resolution satellite remote sensing foand 4. Initial fields were interpolated in time from the 8-day
initialising the land surface parameters. Nine simulations ofestimated values, and were held constant in the MM5 simu-
4 days duration were used to cover the entire field campaigniation.
W|th the fO"OWing two mOdificationS. The initia"sation pe— Thls scheme improves the simu'ation of the diurnal tem-
riod was increased from 18 to 42 h, y|e|d|ng better results forperature range and also Captures some soil moisture varia-
the first simulation day. tion during the campaign. The eight day smoothing on the
The previous modelling study used soil moisture valuesspjl temperature however leads to an under estimation of the
from the Air Force Weather Agency's (AFWA) Agricultural  sojl moisture variability. This could be an important factor in

Meteorology modelling system (AGRMET). Due to an un- the simulation of the Cold Surge episodes which would merit
verified moistening of the soil in the AGRMET model half- fyrther analysis.

way during the campaign, the soil moisture field was aver-

aged over the first part of the month and held constant in time

during the episode. This method fails to capture the variatiord  Synoptic conditions

of the soil moisture during the field campaign. Furthermore,

satellite soil moisture products were not found to be satis-Synoptic weather charts for the 3 episode types were shown

factory for estimating the surface heat budgig Foy etal.  in de Foy et al(2005. Cold Surge episodes are due to a

2009. surface high over Texas with a low pressure system aloft.
An alternative was therefore obtained by relating the soilO3-South episodes occur when a anti-cyclone is over Mex-

moisture to the diurnal range of the skin temperature meaico and O3-North when low pressure systems move north of

sured by MODIS on the AQUA platform. 8-day average val- the MCMA forcing the sub-tropical jet southward. In or-

ues were used for the months of March—May 2003. An em-der to compare all the days of the campaign with the synop-

pirical relationship was devised to produce fields of similar tic charts, Fig.3 shows the evolution of the 500 hPa height

magnitudes to those from AGRMET. Soil temperature differ- and temperature at radiosonde locations on the coasts and in

ences in the range of 15 K to 45 K were linearly mapped toMexico City.
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Fig. 3. 500 hPa height and temperature from radiosonde obser-

vations during MCMA-2003. Background shading corresponds tos'lfgc.: i‘nz%"yl?gﬁ;i?:gjgg&%p;te;.s;:2 agﬁ;g.wnga;[grregp n the Pa-
episode types: red for O3-South, green for O3-North and blue for n u 1ons. g 9.

Cold Surge.

Daily average surface pressure and temperature are shown
The most variability occurs at Brownsville where the high in Fig. 4. High surface pressures at Matamoros and Ver-
pressure for 03-South days can be clearly seen. O3-Nort@cruz during Cold Surge episodes force cold northerly sur-
episodes are characterised by a north—south pressure gradidage flows. O3-South days have minimal pressure gradients
which drives the westerlies aloft and Cold Surge episodedetween the two coasts with increasing surface temperatures.
by falling pressure at most of the stations. The temperaturén O3-North days the pressure on the Gulf coast tends to be
at 500 hPa is high and rising for O3-South days, constantower than on the Pacific Coast.
with a stronger north—south gradient for O3-North days and From this, itis clear that the three Cold Surge episodes fol-
decreasing for Cold Surge days. low the pattern described [8chultz et al(1998, with vary-
ing intensities. Both the O3-South and O3-North episodes,
with the exception of the transition periods, have well defined

Atmos. Chem. Phys., 6, 1249265 2006 www.atmos-chem-phys.net/6/1249/2006/
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Fig. 5. Statistics diagrams for temperature, water vapour mixing ratio and wind speed comparing the fine MM5 domain with the 5 SMN
surface stations in the basin. Larger symbols show the model bias versus the centred root mean square error (RMSEc), which should be a
small as possible. Smaller symbols show the model standard deviation versus that of the observations, which should be of similar magnitude.
Statistics are calculated for each 4 day simulation period for each station. Periods are labelled by starting day (April except for 0329), and
ellipses are drawn to show the average performance and the spread in agreement between the stations for each episode.

synoptic characteristics that vary little across the differentture, humidity and wind speed. The bias is plotted versus the
days. centred root mean square error (RMSECc) for each station for
each simulation run. The model standard deviation is then
plotted versus the observed standard deviation. All four vari-
ables plotted have the same units as the observed variable. In
order to compare the different simulation runs, ellipses are
drawn centred on the average of the statistics with radii cal-
culated from the standard deviation of the results from the

4 Model results

Model statistics were calculated for each simulation for the
SMN weather stations in the basin. Figseshows statis-
tics diagrams described ofe Foy et al(2006 for tempera-

www.atmos-chem-phys.net/6/1249/2006/ Atmos. Chem. Phys., 6, 12682006
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individual stations. In this way, the diagram conveys bothin addition is the least well simulated of the three types. Nev-
the overall accuracy of the model and the variability in model ertheless, the afternoon wind direction is better simulated at
agreement at different stations. Ideally, both the bias and thatations further from the Chalco gap in the southeast, both
RMSEc are low with corresponding ellipses close to the ori-in the city and to the east of the basin at Chapingo. This
gin. The model standard deviation should be similar to that ofsuggests that the poor performance is due to inaccuracies in
the observations, with corresponding ellipses alongythe simulating the gap flow intensity.
line.

Temperature biases are less than 1 K with the exception
of the first Cold Surge episode. RMSEc are within 2 K with 5 Gap winds
the exception of the first two Cold Surge episodes. For water
mixing ratio, the biases are within 1.5kg and the RMSEc ~ The wind shifts observed at CENICA are part of the gap
in the range of 1 to 2 tkg, although the first Cold Surge wind that passes through the Chalco passage, as described
episode is too moist and has larger errors than the other simit! Whiteman et al(2000. Figure7 shows the surface winds
ulations. Wind speed performance is similar for all the simu-in the basin for selected days of the three episode types at
lations with the exception of the second Cold Surge episodel6:00 and 19:00, along with total cloud water predicted by
when the winds are too strong and the errors largest. Overalthe model.
this suggests that the simulation performance for the whole ©O3-South days such as 16 April have weaker northerly
campaign is similar to that of the O3-South episode describedvinds and a gap flow influencing the southeast of the city
in de Foy et al(2006. The Cold Surge episodes are an ex- in the early evening. 23 April, an O3-North day, has a gap
ception to this however and would need further refinementflow that is already influencing the whole eastern half of the
Sensitivity tests were not carried out for these episodes albasin by 16:00. It meets with westerly winds coming over the
though candidate factors would be the cloud parameterisabasin rim leading to a convergence line in the middle of the
tion and the soil moisture field. The latter can have moistCity. This is pushed further north as the afternoon progresses.
spikes lasting just a few days following heavy rainfall, an ef- On this particular day, the convergence leads to strong con-
fect that was disabled in the current simulations by holdingvection and cloud formation causing highly variable surface
the soil moisture field constant over the individual simulation Winds. On 9 April, a Cold Surge day, strong northerly flows
periods. are forced into the gap and are followed by a shift to westerly

Continuous time series for the field campaign were ob-winds throughout the basin.
tained by collating the results from the nine simulations. Fig- North—south cross-sections through the Chalco gap in
ure 6 shows the comparison of the diurnal variation of the Fig. 8 show the horizontal winds and contours of potential
observed and simulated winds at CENICA by episode. Fortemperature. Vertical profiles of wind speed and direction are
each episode, the median is shown by a bold line, the intershown at Tenango del Aire (TEDA) in the Chalco passage, in
quartile range by thin lines and the total range by dotted linesFig. 9 and at CENICA in Fig10 for 16:00 and 19:00 CDT.
The winds are southeasterly and below 2snin the early ~ These are boxplots segregated by episode type using profiles
morning turning to northerly during the day and then back tofrom every day of the campaign. The extent of the jet heights
southerly in the range of 4 to 6 fa by sunrise. This shows can be clearly seen, with jet heights estimated visually as the
that the main features are well represented by the model. ThBeight of the wind minimum.
main differences are in the timing and level of the afternoon On O3-South days the winds aloft are weaker. Wester-
wind peak. O3-South events have the correct wind speed inlies above 6000 m give way to northerly winds below. A
crease in the morning, but O3-North and Cold Surge havestrong temperature gradient forms between the basin and the
a delayed increase into the mid-afternoon. The peak itselfCuautla valley to the south. The associated pressure dif-
is well simulated for O3-North events. Both O3-South and ference drives a low level jet less than 1000 m thick which
Cold Surge have similar peaks in the model even though theyrings in cold air. The jet progresses gradually through the
are weaker in reality. basin turning to easterly as it meets the northerly flow in the

In terms of wind directions, the main feature of the obser-basin.
vations is the afternoon wind shift which takes place around The profiles at TEDA show that for O3-South events the jet
15:00 for O3-North, around 18:00 for O3-South and aroundis purely southerly and quite thick at 16:00 with a wind min-
04:00 for Cold Surge. The model simulates this although themum at 1500 may.l.. At 19:00, the median profile shows
difference between O3-North and O3-South is not as starka decrease in heights to approximately 500 m. At CENICA,
In the morning there is a sharp transition from southeasterljthere is no effect of the gap winds at 16:00 for O3-South
to northwesterly whereas the observations show a more gracepisodes but the winds have shifted by 19:00. The influx of
ual turning via the east. In the afternoon there is a large vari-southerly air leads to a layer of increased winds up to around
ability in the Cold Surge winds with a southerly component 1500 m.
which the observations do not show. The Cold Surge episode On O3-North days, the winds aloft are still from the west,
type contains the greatest variation of circulation patterns andbut stronger and with no layer of northerlies below. The

Atmos. Chem. Phys., 6, 1249265 2006 www.atmos-chem-phys.net/6/1249/2006/
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Fig. 7. Horizontal surface (10 m) wind vectors in the Mexico City basin for 16 April (O3-South), 19 April (O3-North) and 9 April (Cold
Surge) at 16:00 and 19:00 CDT. Model output with alternate vectors shown only, contour lines of terrain elevation (500 m interval). Shading
represents millimetres of cloud water (note log colour scale).

potential temperature difference between the basin and thdepth of 1500 m. At CENICA, the winds have already shifted
valley to the south, at 6 K, is the same as 16 April. The low at 16:00 with maximum speeds at the surface. By 19:00 there
level jet however is much stronger and deeper. By 16:00 it isis a well defined jet flow below 1500 m.
more than 1000 m thick and e?<tends a_lll the way to the north- Cold Surge days have strong westerly winds aloft with
em edge of the basin. By 19'90’ hor_lz_ontal convergence 0§1ortheasterlies; entering the basin from the Gulf coast. At
winds leads to strqng convective act|V|t¥ and the formation 16:00 the model simulates a limited low level jet which meets
of cumulus clouds in the north of the basin. the moist Gulf air leading to westerly winds into the early
The profiles at TEDA are similar to the O3-South events evening. The model simulates a similar vertical structure of
for 16:00, but the jet is markedly stronger at 19:00 with a the gap flow at TEDA and CENI as for O3-North episodes.
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Fig. 8. Vertical cross-section through the Chalco gap and the east side of the basin (line A-B).Fidorizontal winds and potential
temperature contours (K) depicted for the same times asrFigrrows pointing left are westerlies (going East), those pointing down are
northerlies (going south, out of the page).

By 19:00, the situation has changed markedly however with6 Wind convergence

westerly winds in the surface layer. There is a jet pattern

in the vertical profile of velocity at CENICA, but none at 6.1 Convergence patterns from model simulations

TEDA.
Convergence zones form in the basin at the interface between
southerly gap winds and northerly plateau flows. On the re-
gional scale, convergence zones are also formed due to the
opposite flows from the sea breezes of the Pacific Ocean and
of the Gulf of Mexico. These can be diagnosed by looking
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S‘the westerlies. In the basin, the low level jet is much stronger

~@nd leads to an early convergence zone that runs north—south

B. de Foy et al.: Basin convergence patterns due to gap winds

level. With mixing heights ranging from 1000 m to 4000 m,
this level corresponds to a height were vertical velocities due
to local convergence are well established.

Figuresllto 13show such plots for the medium and fine
domains for the three episode types, with convergence zones
for a whole day coloured by time of day. O3-South days have
weak synoptic forcing and a much clearer signature of terrain
induced flow. On the regional scale, convergence lines are
formed from the meeting of the sea breezes from the Pacific
and the Gulf. These are relatively stationary moving south-
west only slightly during the afternoon. The combination of
terrain blocking from the east-west range of volcanoes form-
ing the south of the basin and the flat Mexican plateau to the
north of the basin leads to an advance of the convergence line
which now passes through the MCMA. On the basin scale,
the low level jet coming from the Chalco passage forms a
very clear signature, starting at 15:00 and sweeping through
the whole city by 22:00. Similar jets can be seen through
Toluca to the west and past Puebla on the east, due to the
same terrain elevation differential between the plateaus to the
north and the low-lying Cuautla valley to the south.

On O3-North days, the regional convergence line is now at
the edge of the Sierra Madre Oriental, due to the strength of

through the centre of the city. On 23 April, the meeting point
of the gap flow and the winds coming over the basin rim ex-
hibits some meandering in the northwest of the basin. In
addition, later afternoon convection can be seen as east-west
lines across the basin. Cloud formation in the model can
be seen in Fig7 along the convergence lines. For 24 April
however there were no clouds and the convergence line is
quite stationary. Three air masses can be seen pushing into
the basin: the gap flow from Chalco, the westerlies over the
Toluca pass to the west and the flow over the Ajusco moun-
tain to the south.

For 8 April, strong cold northerly winds from the Gulf lead
to up-slope flows on the edge of the Sierra Madre Oriental.
The winds then continue over the Mexican plateau and high-
lands meeting in a convergence zone nearer to the Pacific
coast. In the basin, the situation is complicated with strong
convective activity in the basin and slope flows on the basin
edge. On 9 April, drier conditions lead to reduced convec-
tion compared with 8 April and a clearer convergence zone
along the southwest of the country. In the basin, we now see
the convergence lines due to the low level jet radiating from
the Chalco passage. There is still substantial cloudiness over
the MCMA however as can be seen in both Figand13.

Fig. 10. Profiles of wind speed and direction from model results at These are limited in both time and space however, with late
CENICA for 16:00 and 19:00 CDT, as for Fif.

afternoon convergence above the mountains.

6.2 \Verification with surface ozone and cloud imagery

at vertical velocities above a given threshold, chosen to be
0.5 nys. For each column, the values at sigma level 17 wereVerification of the convergence lines is difficult to achieve
chosen as this corresponds to roughly 1300 m above grounldy comparisons with instantaneous observed winds. Their

Atmos. Chem. Phys., 6, 1249265 2006
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Convergence MM5 Dom2 Convergence MM5 Dom3 Daily Max RAMA Ozone GOES Composite
« (40 — 146 ppb) ;

I
=

Fig. 11. Convergence lines for O3-South, 15 and 16 April for the medium and fine domain. Each convergence line is coloured by time of

day per the colourbar. Surface RAMA ozone concentrations in the basin are shown going from blue to red (highest). GOES cloud imagery

for an area similar to the medium domain courtesy of GOES Biomass Burning Monitoring Team, UW-Madison, Cooperative Institute for
Meteorological Satellite Studies (CIMSS).

Convergence MM5 Dom2 Convergence MM5 Dom3 Daily Max RAMA Ozone GOES Composite
« (42 - 209 ppb) ; ;

Fig. 12. Convergence lines, ozone and cloud imagery for O3-North, 23 and 24 April, sekElFig.

impact on the basin circulation can be seen however by lookbreeze. Scattered cloud formation is limited to the high vol-
ing at the transport of pollutants and water vapour. The max-canoes due to the dry prevailing conditions.

imum daily ozone measured by RAMA in the MCMA along

with a GOES visible image taken in the afternoon are shown On O3-North days the ozone peak is in the northwest of

a|0ngside the convergence patterns in F]gﬂo 13. the City, due to the gap flow pushing all the pOllutantS back
through the basin to the northwest. The peaks are equiva-

03-South days have high ozone peaks in the southwest, dent for 23 and 24 April, but on the 23 the spatial extent is
would be predicted from the convergence patterns. In parfarger and on the 24 the peak is further to the east. This is in
ticular, ozone is higher on 16 April than on 15 April due to accordance with the convergence lines that are meandering
the delayed gap flow. The Goes image shows very clearlyover the northwest on the first day, and oriented towards the
the low level clouds on the Gulf coast plains due to the seanortheast with stronger westerlies flushing the basin on the

www.atmos-chem-phys.net/6/1249/2006/ Atmos. Chem. Phys., 6, 12682006
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Convergence MM5 Dom2 Convergence MM5 Dom3 Daily Max RAMA Ozone GOES Composite
« (43 - 147 ppb) : » .
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Fig. 13. Convergence lines, ozone and cloud imagery for Cold Surge, 8 and 9 April, sl Fig.

Table 1. Froude numbers based on model Bruritigdla frequency 7 Discussion

and representative mean velocity for mountain heights of 1000 m,
representing the western ridge and 1500 m representing the volcaFhe Froude number determines the impact of complex ter-

noes to the east. rain on wind circulation. The Brunt-&iala frequency was
— calculated from model output and found to be in the range
U Npy /\=2,(,’7£ Froude N0-=ﬁ of 0.005 to 0.015s! over the basin. Taking a mean free ve-
m/s s1 m h=1000m h=1500 m locity of 10 my/s as representative of the conditions near the

0005 12500 125 84 mount_ain tops, and dist_an(_:es of 1_000 and 1500 m as repre-
10 001 6300 6.3 4.2 sentative of the mountain ridge heights above basin level on

0.015 4200 4.2 28 the eastern and western side yielded Froude numbers in the
range of 2.8 to 12.5, see Talle Because these are always
greater than one, the wind flow can be expected to be over the
mountain tops with limited mountain waves. The primary ef-
fect of the mountains is therefore due more to the generation
of up-slope and drainage flows rather than to the disruption

second day. There is much less cloudiness on the plains fron(%]c the mean tropospheric flow.

gulf breezes, but there is convection on the edge of the Sierra During the IMADA campaign, the jet forming in the
Madre Oriental, as suggested by the convergence lines thdthalco passage was directly measured by a wind profiler.
are very sharply located over the ridge. Afternoon convec-Radiosonde profiles of temperature and humidity were made

tion in the basin can be clearly see on 23 April, whereas 248t 4 locations in the basin and one on the southern basin rim
April has clear skies. at several times during the day. A low level jet was defined

as taking place when winds in the bottom 337 m were above

Cold Surge days have low ozone levels with maxima in the® M/ with a 4 my's reduction below 1000 mgl.. Jets were
south of the basin, confirming wind transport to the south. OnoPserved on 20 of the 29 study days and further split into 3
8 April, 0zone peaks are in the southwest in accordance witifategories based on strength.
early afternoon convergence resulting from northerly flow The jet strength was then shown to correlate with two dif-
meeting the Ajusco mountain. On 9 April, the peak is to ferent temperature differentials across the basin. The first
the southeast which is where a small gap flow is forming ow-was the average temperature difference in the range of 2800
ing to the clearer sky conditions on this day. Cloud transportto 3200 mas.|. between the Tres Marias site on the south-
to the eastern flanks of the Sierra Madre Oriental shows thern basin rim and the average of 3 radiosondes in the basin
northerly flows, followed by strong convection over the Mex- at 13:30 CST. The second was the average difference in tem-
ican plateau and above the basin once the winds pass over tiperature in the range of 2250 to 3150 mla between the
mountain edge. Mexico City and Acapulco radiosondes at 18:00 CST. Based
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on this correlation, it was suggested that thermal forcing is 3l
the main cause of the jets. N 03'S°”t: 287

During MCMA-2003, there were no direct observations o gglz:lNSOl.::‘ge %DD
of the wind profiles in the Chalco passage and no radiosonde 25} e
observations from which to get a thermal balance across the 2
basin rim. A wind flow indicator would therefore need to be
based on routine surface observations in the basin. Because
convergence zones were simulated on most days of the cam-
paign, an indicator was sought that would represent the influx
of southerly air into the basin for all days of MCMA-2003.

A simple metric was devised based on the southerly com-
ponent of velocity in the basin above a threshold of Asm
The excess velocity above the threshold was summed be- G 16
tween 12:00 and 24:00 and divided by an average estimated = 00
influx time length of 6 hours. The average was then taken  0.5¢ AT
over the 5 SMN stations in the basin: GSMN, PIME, ENCB, < ¢

AERO, TEZO. This yields a number that can be roughly in- o ? %%01 © 0z
terpreted as an excess southerly flow sweeping through the 95 14 16 18 20 22 24
basin and will be referred to as “influx strength”. The aver- Obs Influx Time (hr)

age time of the southerly flow was obtained by averaging the 30

time of day weighted by the influx strength for every hour 3t 5 r

. . . . 07 ¢ 03-South
at each station, yielding an “influx time”. It should be noted o o O3-North
thatDoran and Zhong§2000 ensured that their analysis cov- o Cold Surge
ered lower level jets through the Chalco passage specifically. 23|
The influx indicators are not able to narrow down the anal- &
ysis in this way and are, of necessity, a broader measure ofE 08 o o
air movements in the basin. They are nonetheless of directE “| o
relevance to air quality studies. The threshold velocity was
selected based on the minimum wind speed in the basin, so
that the influx strength would represent an excess velocity.
Sensitivity analysis showed that the results were not sensi-
tive either to the particular choice of threshold speed or to
the selection of stations used in the average.

Figure14 shows the influx strength versus the influx time @™ 18
for the observations and for the model simulations for each ~ 0-5] 2
day of the campaign. The three episode types are clearly © 2 oo 1
segregated into three separate categories. Weak and early 1 , 90 0
southerly flows for Cold Surge days, weak and later flows for 12 14 16 18 20 22 24
03-South days and strong flows peaking around 18:00 for Model Influx Time (hr)
03-North. The model reproduced this pattern although the
03-North days tend to be weaker and the O3-South and Co|gig._14. Influx strength versus influx time for observqtions and sim-
Surge days too strong. Individual timing of the southerly _ulatlons, labelled by day. Symbols corre§pond to episode types (04b
flow can be off by up to 3 h or more, but overall the simula- 's 4 May, others are unambiguously April or May).
tions are within 1 to 2 h of the observations.

A temperature gradient exists between the Mexico City
basin and the Cuautla valley to the souBoran and Zhong This temperature differential can be explained from the
(2000 had radiosonde observations of the difference be-fact that the Mexico City basin has surface wind speeds be-
tween the basin floor and the southern rim, and found it tolow 1 m/s during the early morning leading to very stagnant
vary from—3 to 4 K. In the present study, the average tem-air masses. Because the basin is at low latitude and high alti-
perature difference was calculated between CENICA, whichtude, solar heating is intense and develops rapidly after sun-
is near the geographic centre of the basin, and Cuautla just tase, leading to a rapid growth of the boundary layer. The val-
the south of the Chalco passage for the vertical interval fromley to the south of the basin, at an elevation of 100Q3mh.a
2250t0 3250 m&.1.) at 15:00, as shown in Fig5. The sim-  is 1200 m below the basin level. The first effect of this is
ulated values were aroundt3 K and showed less variation that in the bottom 2000 m layer of the atmosphere there are
than the observations during the IMADA campaign. roughly 1400 kgm? of air at CENICA but 1720 kgm? at

N
T
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]
1

Table 2. Least squares fityemx+-c) for correlation of influx

03 03-South strength with temperature gradient across the basin rim and wind
O3-North direction aloft by episode type, with 95% confidence boundnon
Cold Surge and correlation coefficient of the fit.

<>

o
a

IN
:
o

o AT vs. Influx Strength WD vs. Influx Strength
30 03-South  O3-North  O3-South  O3-North

o m 0.23 -01 -55 -7
o 012 18 ©°0 95% bounds om —0.4,0.8 -05,05 -82,-28 —25,11
% ¢ 5.1 5.3 24 -88
© r2 0.16 0.00 0.84 0.05

N
OoR

[¢]

OQN

08 The other temperature differential used Bpran and
Zhong (2000 was between the GSMN and Acapulco sound-
0 05 1 15 5 25 3 ings at 19:00. This later sounding was not available during
Obs Influx Strength (m/s) MCMA-2003. Analysing previous soundings shows how-
7r ever that there is little difference in temperature at that height
range between the 07:00 and 19:00 soundings. Furthermore,
there is little difference between the Acapulco and Mexico
6 10 160 234 28 City soundings for this same height range at 07:00. The tem-
© o 15 04 perature difference between GSMN and Acapulco at 19:00
1 )ﬁg — is therefore a proxy for the heating in the Mexico City basin
Sr© o7 ° F o during the day. Figurd5a plots the influx strength versus
02 o 05 o the temperature difference in the bottom 1000 m layer above
220 ground level at GSMN between the 07:00 and 19:00 sound-
ings. Substantial heating takes place on nearly all of the days.
There is a clear difference between the Cold Surge days with
o > 03-South small temperature differences and the O3-South days with
0O3—-North larger differences. Overall however there is no clear pattern
Cold Surge between the influx strength and the temperature difference.

ol Figure 15b plots the model simulated temperature dif-

09 ference between CENICA and Cuautla versus the influx

o strength. Tabl@ shows the parameters for a linear fit to the

1 ‘ o ‘ ‘ ‘ ) data by episode. For O3-South episodes there is a slight pos-

0 0.5 Obls Influx éi?ength (rﬁ s) 25 3 itiye correlation of temperature_gradie_nt and influx strength
with anr? of 0.16, but 95% confidence interval so large as to

be meaningless. For O3-North days there is no correlation at

Obs A T19:00 ~ 07:00 CDT GSMN, 2250-3250 m asl (K)
o
"o
=3

04b
u]

it
O O

Model A TCENlCA - Cuautla 15:00, 2250-3250 m asl (K)
D
o

Fig. 15. Temperature differences in the bottom 1000 m versus influx

strength.(a) Temperature difference at GSMN between 19:00 and all.

07:00 measured by radiosonde) Model temperature differences Because the temperature differentials in the model do not

between CENICA and Cuautla, to the south of the gap at 15:00vary very much, it was hypothesised that the wind direction

Lines of best fit from Tabl& shown. aloft would influence the influx strengthBanta and Cot-
ton (1981 describe the influence of this on basin winds in

. . . South Park, Colorado. The mixing layer causes momentum
Cuautla. For equivalent surface heating, this leads to an a axchanae between the svnoptic flow and the surface laver
erage diurnal temperature variation at CENICA of 5 K and g ynop Y

at Cuautla of 3.5 K. Because this leads to lower mixing leading to “afternoon westerlies” in the basin. The influx

. . . strength was therefore plotted versus average wind direction
heights at Cuautla, the temperature at equivalent heights is 9 P g

higher at CENICA, leading to temperature gradients betwee at the top of the boundary layer (4250 to 6250 &i3 for

CENICA and Cuautla in the 2250 to 3250 8.k range of the 07:00 somIJndmg, as shown n F@. For the 4 cases
around 5 K where the 07:00 sounding was missing, data was taken from

the 13:00 or 19:00 sounding depending on availability. An
alternative to the wind direction would have been to use the
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meridional wind velocity. This gave very similar results al- 8.3

. ) . Er
though the scatter was larger, possibly because the wind di- 04b [ 03-South |
rection includes some measure of the influence of the zonalc—%, N o 03-North
flow. € NE 20 o Cold Surge

For O3-South days, this shows a clear negative correlationQ
with northerly winds aloft causing weaker influx and wester- $ N
lies causing stronger sweeping flows through the basin. The@

2 is now 0.84 with 95% confidence bounds both suggesting g NW

a negative correlation. For O3-North days there is little vari- 8 24
ation in the wind direction and a slight negative correlation & W 30 DZDS 22@7
with anr? of 0.05. This suggests that the winds aloft and the g i o
location of the regional convergence zone will have a pre- B sw 06
dictable impact on the balance between the different flows = e
into the Mexico City basin for certain episodes. T st

On 03-South days, the regional convergence line passess S
through the basin starting on the east side and moves to theg gg|
west side in the afternoon. This leads to air masses from© 19
the Mexican plateau entering the basin in the morning giv- E ‘ ‘ ‘ ‘ ‘ ‘
ing way to Gulf air as the convergence line moves west. The 0 0.5 1 15 2 25 3

weak westerlies aloft give way to an intermediate layer of Obs Influx Strength (m/s)

northerly flow. As the basin air heats up relative to sur-
rounding air masses, the gap flow from the Cuautla vaIIeyFig- 16. Wind direction at GSMN at 0_7:00 averaged b_etween 4250_
enters the basin pushing back the northerlies, with the |O_and 6250 m above sea level versus influx strength. Lines of best fit
cation of the convergence line between the two determined™™ Table2 shown.
by the balance between the momentum down-mixing and the
thermally-induced pressure low. 8 Conclusions
On 0O3-North days, the regional convergence is to the east
of the basin on the edge of the Sierra Madre Oriental. ThisWind circulation in the Mexico City basin is characterised by
leads to stronger westerlies aloft and surface northerlies fron® gap wind coming through the mountain pass in the south-
the Mexican plateau in the morning. In the afternoon, the gapeast and extending into the basin. This takes place nearly ev-
flow coming from the southeast meets with air masses thaery day, with varying strength and deptoran and Zhong
are pushed over the southern and western edges of the bagia000 focussed on distinct low level jets and found them
rim by the westerlies aloft. There is still a thermal gradient to correlate with the thermal imbalance between the hot air
across the basin rim for this episode type, but the gap flowin the basin and the cooler air in the low-lying valley to the
is now strongly influenced by wind channelling through the south. During the MCMA-2003, this did not vary much from
passes and over the basin rims. The combination of thesgay to day and was found to be a poor predictor of the sweep-
winds lead to sweeping flows through the basin that flush ouing flows through the basin and the location of the conver-
the air to the northeast. gence zone. Wind direction aloft was shown to be a bet-
Cold Surge days are characterised by high surface preder predictor of the influx strength for O3-South days due to
sures to the north and strong westerlies aloft. This leads téhe importance of momentum down-mixing in balancing the
strong, cold, surface northerlies which are held back earlythermal gradients. However, both temperature gradients and
in the day behind the Sierra Madre Oriental and then movewind directions are very similar for all O3-North days and are
through the Mexican plateau leading to regional convergencéherefore not able to account for the influx strength which in
lines southwest of the basin. In the basin, the northerlieghese cases results from the combination of the momentum
sweep through the MCMA and move south into the Chalcoand thermal forces. Identifying determining factors of the
gap. Despite the cold temperatures and increased cloudinesstrength and timing of the flows will require further analysis
a weak afternoon low level jet still develops on most days.of the synoptic conditions and vertical mixing in the basin.
It does not progress through the basin however, turning west MM5 simulations were carried out for the whole campaign
instead at east-west convergence lines. Convection developssing high resolution satellite remote sensing of the land sur-
along these lines with associated afternoon rainfall. face. Soil moisture fields were derived from the diurnal range
of the ground temperature, leading to a spatially and tempo-
rally varying field. Statistically, the model simulations were
found to have low biases in surface temperature, humidity
and wind speeds and errors in accordance with the episode
discussed imle Foy et al(2009.
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Wwind convergence patterns over Mexico can be clearlyby the MODIS Adaptive Processing System (MODAPS) and God-
identified by plotting the vertical velocity above a given dard Distributed Active Archive Center (DAAC), and are archived
threshold near the top of the surface layer. Combining thes@nd distributed by the Goddard DAAC.

Lor e\llery hOltJr (?ft';]he afternoon into a Slngle_l_rr?a?ASh(.)WSéque thank A. Garta and A. Jazcilevich of the Universidad Nacional
evelopment of the convergence zones. € MeXICO LIYa tonoma de \xico, A. Soler and F. Hernandez of the Seciiatar

basin circulation was shown to depend on the interaction ofyo Medio Ambiente, Gobierno del Distrito Federal, ékico
two convergence zones: those resulting from the sea breezegq J. Fast of Pacific Northwest National Laboratory for helpful
from the Pacific Ocean and the Gulf of Mexico, and thosediscussions. The reviews from two anonymous referees were
formed from the interaction of gap winds with northerly day- particularly helpful in clarifying the discussion and improving the
time flows in the basin. The resulting basin convergencequality of the paper. The financial support from the US National
patterns fit into the three episode types proposedeiriFroy Science Foundation (Award ATM-0511803), the US Department
et al.(2005. O3-South days have a convergence lines radi-of Energy (Award DE-FG02-05ER63980), the Alliance for Global
ating northwards from the Chalco gap, moving through theSustainabiIit_y and the Molina Cent(_erfor Strategic Studies in Energy
basin in the late afternoon and early evening. O3-North dayé”md the Environment for this work is gratefully acknowledged.
have north-south convergence lines through the middle o
the MCMA due to the meeting of the gap flow with surface
westerlies over the southern and western edges of the basin.
Cold Surge days have east-west convergence line across the
basin leading to cumulus convection and rainfall. References
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