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Abstract. Mesoscale meteorological modelling is an impor- modifications of the dispersion of gases and aerosols in the
tant tool to help understand air pollution and heat island ef-atmosphere.
fects in urban areas. Accurate wind simulations are difficult Mesoscale modelling is an important tool in analysing and
to obtain in areas of weak synoptic forcing. Local factors understanding these changes, provided that accurate simula-
have a dominant role in the circulation and include land sur-tions can be obtained. Data assimilati@tguffer and Sea-
face parameters and their interaction with the atmosphereman 1994 has proved instrumental in improving certain
This paper examines an episode during the MCMA-2003model results. There are however situations where it is diffi-
field campaign held in the Mexico City Metropolitan Area cult to apply it successfullyfaley, 1991). This is especially
(MCMA) in April of 2003. Because the episode has weak true when there is weak synoptic forcing. In these cases,
synoptic forcing, there is the potential for the surface heatthe heat and moisture budget at the land surface has a much
budget to influence the local meteorology. High resolutiongreater effect on the local meteorology.
satellite observations are used to specify the land use, vege- Recently there has been development of new urban mod-
tation fraction, albedo and surface temperature in the MM5ules for use in mesoscale models, see for exarivaetilli
model. Making use of these readily available data leads taet al. (2002, Dupont et al.(2004 and Otte et al.(2004.
improved meteorological simulations in the MCMA, both for Parameterisations based on detailed data describing the land
the wind circulation patterns and the urban heat island. Resurface are used to obtain the energy and humidity fluxes at
placing values previously obtained from land-use tables withthe surface. Because these data are often not known pre-
actual measurements removes the number of unknowns igisely, tabulated values are often used in combination with
the model and increases the accuracy of the energy budgetoarse land use data as a substitute.
In addition to improving the understanding of local meteo-  Satellite remote sensing provides a wealth of data describ-
rology, this sets the stage for the use of advanced urban modng the earth surfaceTéwnshend and Justic2002 and is
ules. becoming more accurate at observing the thermal proper-
ties of urban aread/oogt and Oke2003 and Pousset and
Gourmelon 2003. This can be used in the simulation of
the urban climate to improve the model representation of the
1 Introduction land surfaceJin and Shepher@009. In this paper, readily
available satellite data is used to improve the simulation of
With ever more people living in cities and ever larger urban urban winds with the Pennsylvania State University/National
areas, the impact of urbanisation on local climate is becom-Center for Atmospheric Research Mesoscale Model (MMS5,
ing increasingly important to health and comfort as well asGrell et al, 1995 for an episode in the Mexico City basin.
to planning of city systemsArnfield (2003 andBritter and The Mexico City Metropolitan Area (MCMA) is situated
Hanna(2003 review recent urban climate research, high- inside a basin at 2240 m altitude and°19 latitude and is
lighting the formation of the Urban Heat Island (UHI), im- surrounded by high mountains on three sides. The combi-
pacts on the exchanges of heat and water at the surface amgition of weak winds and numerous pollutant sources leads
to high levels of air pollution, as reviewed Molina and
Correspondence td3. de Foy Molina (2009. Fast and Zhong1998 describe the com-
(bdefoy@mce?2.org ) plex meteorological conditions found in the basin along with
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1316 B. de Foy et al.: Satellite surface parameters for mesoscale modelling

values should be used wherever possitA¢kinson (2003
analysed the impact of surface parameters on the simulation
of the urban heat island. He found that the roughness length
and surface resistance to evaporation were the most impor-
tant factors during the day, and anthropogenic heat flux was
the most important at night.

Satellite measurements can be used to reduce the num-
ber of unknowns in the domainCarlson et al(1981) ob-
tained parameters for soil moisture and thermal inertia by
finding the best match between a land surface model and
Advanced Very High Resolution Radiometer (AVHRR) ra-
diant temperatures. This showed a strong decrease in latent
heat fluxes over urban areas, but little change in thermal in-

. — ertia. Hafner and Kidde(1999 refined the analysis with a
0w 105" W 100" W 95 W mesoscale model and highlighted the importance of the soll
heat flux, especially at night.
Fig. 1. MM5 Domains overlayed on a satellite picture of Mexico  \egetation fraction obtained from the normalised differ-

from the time of the campaign. Circles represent Radiosonde locagpce vegetation index (NDVI) have been used for global
tions: Mexico City (GSMN), Acapuico (ACAP), Veracruz (VER),  reqinnal and local modelsKurkowski et al. (2003 used

Monterrey (MTY), Guadalajara (GUAD), Manzanillo (MANZ) and AVHRR values in the Eta model thereby improving the sur-

B ille (BRO). .

rownsville ( ) face temperature forecasts. The Moderate Resolution Imag-
ing Spectroradiometer (MODIS) gathers data in 36 spectral
bands on board the Terra (EOS AM) and Aqua (EOS PM)

the difficulty in obtaining accurate simulation¥Vhiteman ; . .
et al.(2000 andDoran and Zhon@000 analyse the growth sateliites (ovx{nshgnd and Justic2003. Tian et aI.(? 009
used vegetation fields, plant types and leaf area index from

of the boundary layer and the wind jets found in the basin. ; ; . )
The timing and extent of these features is dependent on tthODIS in the Community Land Model to improve the sim

thermal balance between the basin and the surrounding aHIated ground and canopy evaporation ratbfatsui et al.

X > (2009 made use of AVHRR NDVI data in the Regional Cli-
eas. de Foy et al(2005 analyse the meteorological condi- . .
tions occurring during the MCMA-2003 field campaian in mate Model showing the importance of land-atmosphere ex-
; 9 9 . paign changes in the North American monsoon. At the mesoscale,
April 2003. Each day of the campaign was classified into : : .
one of three episode types: “03-South”, “Cold Surge” andCravvford et gl.(ZOOD included veg_et_anon fraction, albe_do
“O3-North”. The “OS-South;’ davs have t’he weakest SYnop- and leaf area index from AVHRR within MM5 and found im-
. S Y : ynop _proved accuracy of heat-wave forecasts. They highlight the
tic forcing and therefore the greatest influence of local ther ial val f I o . f f
modynamics on the wind patterns potential value of satellite datain improving performance for
' extreme events. While these are typically events for which

. Urban turpulent heat flux measurements haye be_en "Cforecasts are most valuable, they are also the most poorly
viewed byGrimmond and Ok€2002 and for Mexico City predicted events at present

by Tejeda-Martinez and Jauregw-Ost((K)OE). Ok.e et al. In this paper, land surface data from MODIS will be used
(2999 reported measurements in the MCMA during the dry in the MM5 model with both the NOAH and 5-Layer land
seasons showing low latent heat fluxes with the dominant €Nz rface models for an episode with weak synoptic forcing in
ergy budget term being ground fluxedauregui and Tejeda 0 \1cmA. Section2 will describe the model set-up and
(1999 TOUT“’ tha_t_there Is a very frequent nocturnal hea'_c iS'Sect.:’: the data available for model evaluation. The soll
land with intensities of 4-5 K and a less frequent daytime iy rg injtialisation will be presented in Sedtfollowed

effect. _ ) ] by the satellite parameter inputs in Segand the tabulated

MMS5 has a five layer soil temperature model with con- y51yes remaining in Sec6. The model will be evaluated
stant moisture availabilityudhia 199. Chen and Dudhia  4gainst observations in Segtand statistics will be presented
(2001 added the more sophisticated NOAH model with lay- ' sect 8.

ers for both soil temperature and moisture and a much more

sophisticated treatment of thermodynamics and hydrology.

Hogue et al (2009 have evaluated this model for semiarid 2 Model description

environments looking at the factors contributing to accurate

simulations. The basin circulation was simulated using MM5 version
Molders (200) analyses the uncertainty in mesoscale 3.7.2 Grell et al, 1995 using three nested grids with one-

modelling caused by surface parameters. Large impacts aneay nesting. The grid resolution used is 36, 12 and 3 km,

found suggesting that actual parameters rather than tabulateslith 40x50, 55x64 and 661 grid cells for domains 1,

25"N

20°N

. Domain 2
15 N

Atmos. Chem. Phys., 6, 131533Q 2006 www.atmos-chem-phys.net/6/1315/2006/
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2 and 3, respectively. Figurk shows the 3 domains on a 2190,

map of Mexico. The episode simulated in this study is the Ve
first “O3-South” episode describedde Foy et al(2005, so = s obie
named because the ozone peak is in the south of the MCMA. &idtta + ENP-CCH
The model was initialised on 13 April at 12:00 UTC. The de ML
first 18 h are used for initialisation followed by the simula- 2w wanie  Guadalupe

tion period from 14-17 April inclusive. This episode was g O
selected because it exhibits a representative flow pattern tha 2 *** GSMN%NCE a2

has been widely analysed in the past. It was dry, with norain >, a0t +* CENICA

04 4+

g, - Chalco

o

and few clouds thereby reducing one source of uncertainty

in the model. The synoptic forcing was weak making thisan 2% Toluca

ideal test case of the land surface parameters. 4
The initial and boundary conditions for the model were .

taken from the Global Forecast System (GK&lnay et al, | h

1990 at a 3-h resolution. This model is run 4 times a day W el T W B

at 00, 06, 12 and 18Z. Both the analysis step and the first

forecast step 3 h later from each run was used. GFS uses thgg. 2. Meteorological measurement locations in the Mexico City

NOAH land surface model with 2 layers at 10 and 200 cm basin. The star is the CENICA supersite. Circles are National Me-

which provides land surface temperature and moisture initiakeorological Service surface stations: SMN Headquarters (GSMN),

conditions for MM5 when run with the NOAH land surface Escuela Nacional de Ciencias Bigicas (ENCB), Mexico Inter-

scheme. For the 5 layer scheme, a look-up table is used tBational Airport (AERO), Tezontle (TEZO), Pimentel (PIME) and

determine soil moisture based on the land-use category. ~ Presa Maih (MADI). Diamonds are temporary stations operating
MMS5 was run with the MRF boundary layer scheme, the during the campaign: Instituto Nacional de Investigaciones Nucle-

Kain-Frisch convection scheme, simple ice microphysics and'es (ININ) and Santa Ana Tlacotenco (SATL). Squares are RAMA
' stations reporting meteorological information. Crosses are loca-

cloud raQIatlon scheme. Qne way nest.lng was ernploygd tofions of the UNAM-CCA high school network. Soil temperature
g_ethe_r with _the default 23 sigma levels in the vertical. Si9Mayeasurements are available at Montecillo. Urban areas of 1995 are
diffusion using the perturbation temperature was used for dognown in beige, shading corresponds to terrain elevation.
mains 1 and 2, and z-diffusion for domain Zahgl et al,
2004). The topography in the model was obtained from
global databases at 10 and 2 min resolution for domains 1 anglata analysis and comparison with observations, values from
2, and from 30 s data from the USGS GTOPO30 databasgne nearest grid point were extracted with no averaging or
for domain 3. Sub-grid scale topography is not taken intointerpolation.
account. Soil type was derived from the 5 min resolution
UN-FAO database.

It should be noted that of the recent changes to MM5,3 Measurement description
the correction of the convective velocity in the MRF scheme
was particularly important in improving the morning surface Data for model comparisons were obtained during the
wind speeds when the NOAH scheme was used. Using truMCMA-2003 field campaign which was based at the Na-
horizontal diffusion (z-diffusion) for the fine domain also led tional Center for Environmental Research and Training (Cen-
to solution improvements. Recent changes were made in tht#o Nacional de Investigadn y Capacitaéin Ambiental,
NOAH surface scheme for urban land categories, resettindcENICA) super-site.
certain parameters that influence the latent heat flux. For Figure2shows the station locations in the basin. CENICA
the current set-up, the impact of these changes was to rdias a meteorological monitoring station. The automatic
duce the latent heat flux to 0 over the whole urban area. Iweather stations (EHCA) are operated by the Servicio
was therefore decided to comment out the places in the cod®leteorobgico Nacional (SMN, seéttp://smn.cna.gob.mx/
where constants are changed for urban land-use only, therelgroductos/emas/emas.hjnaind report 10-min data in three
restoring the latent heat flux to the same values as previoubour blocks via satellite. The observations were averaged
code versions. to one hour intervals for this analysis. The SMN radioson-

The GFS analysis is already based on all available ra-des are launched at 12:00 UTC outside of Mexico City. The
diosonde observations. For this reason, it can be used to dilexico City radiosondes are launched from the SMN head-
four dimensional data assimilation (FDDA) above the bound-quarters (GSMN), WMO ID 76679 (also MEX) which is on
ary layer without further ingestion of data. When used, thisthe western edge of the basin floor every 6 h at 00:00, 06:00,
was applied to domain 1 only. 12:00 and 18:00 UTC.

Simulations will be presented using both the 5 layer soil The Ambient Air Monitoring Network (Red Au-
temperature scheme and the NOAH land surface scheme. Feomatica de Monitoreo Atmosfico, RAMA) operates 15

2120

www.atmos-chem-phys.net/6/1315/2006/ Atmos. Chem. Phys., 6, 1338-2006


http://smn.cna.gob.mx/productos/emas/emas.html
http://smn.cna.gob.mx/productos/emas/emas.html

1318 B. de Foy et al.: Satellite surface parameters for mesoscale modelling

Table (MODIS LU) Base Case (GFS) Modified AGRMET the soil moisture and temperature were interpolated from
2220 SRR 7 the GFS output. The modified simulations however made
use of the soil moisture predicted by the Air Force Weather
Agency’s (AFWA) Agricultural Meteorology modelling sys-
tem (AGRMET). Like the GFS, this uses the NOAH land
surface model, but at a resolution of 47 km. It is run in off-
line mode cycling on itself with extensive data assimilation.
. Schaake et a[2004 compares the soil moisture fields from
YRR om0 o w0 20 50 4 different models including NOAH. The largest differences
T Bt e T East e T East bam between the models were found for dry areas, suggesting that
this remains an open question that will need further attention.
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Fig. 3. Soil moisture maps for the fine domain for table values with For Mexico. the soil moisture is stronaly influenced b
MODIS land-use shown for reference only, base case using GFS ! gy y

data, and modified case using modified AGRMET data (see text foponvective rair?fall, with individual storms leading to very
details). moist patches in dry areas lasting for several days. In partic-

ular, AGRMET simulated heavy rains on 10 April over the

MCMA and the surrounding region. This was not verified
meteorological stations throughout the city. Data from aby measurements and led to abnormally high soil moisture
further 10 stations operated in high schools throughout thevalues. For this reason, the soil moisture fields from the 9
MCMA by the Centro de Ciencias de la Atsfera, Univer-  preceding days were averaged and used as an initial condi-
sidad Nacional Awdnoma de Nxico was available. Tem- tion for MM5, as shown in Fig3. The soil moisture values
porary stations were deployed during the campaign to gethat would have been obtained from using table values are
additional information from the boundaries. These includealso shown for comparison.
roof-top equipment at ININ (Instituto Nacional de Investi- MM5-generated rainfall also had a very large impact on
gaciones Nucleares) and a mobile van located at Santa Angoil moisture. Because the exact location of rainfall is diffi-
Tlacotenco (SATL). cult to simulate accurately, and the effects on soil moisture

Finally, soil temperature measurements were made at théh the model are both significant and long-lasting, it was de-

Montecillo campus of the Colegio de Postgraduados, Insti-cided to prevent time variations in the soil moisture fields in
tucion de Ens@anza e Investigaon en Ciencias Adcolas. the modified MM5 runs. This removes a large area of uncer-

tainty in the response of MM5 to the land surface parameters.

4 Soil moisture
5 Satellite land surface parameters

Soil moisture is a determining factor in the partition between
latent and sensible heat fluxes, see for exangoteall and 5.1 Land-use
Kurc (2003. Reichle et al.(2004 and Hirabayashi et al.
(2003 describe the satellite measurements available andM5 uses the USGS land-use maps derived from AVHRR
their combined use with land surface models and ground datdata using one year of data from April 1992 to March 1993
to obtain soil moisture fields for global modelsan den Hurk  (Loveland et al.2000. The resolution for the finest domain
(2001 derive surface flux estimates by combining satelliteis 1 km. Friedl et al.(2002 derived a land-use map from
measurements of surface temperature with a soil moisturd1ODIS data for 2001, with the same spatial resolution. This
model. Margulis and Entekhal{P003 develop a variational was aggregated to 36, 12 and 3 km resolution by taking the
data assimilation framework to improve the simulations of mode for each cell except for water and urban categories. In
a coupled land surface-atmospheric boundary layer modelthese cases, they were attributed only if they made up more
relying on data from a specialised field campaign. Soil mois-than 50% of the available points. If less than half of the cells
ture products are available from the Advanced Microwavewere water or urban, then the mode of the remaining cate-
Scanning Radiometer (AMSR-BE)joku et al, 2003. How- gories was used as the representative value.
ever, these are valid for a very thin layer of the surface that Figure4 compares the two land-use maps. The growth of
is not representative of the deeper moisture. In the case ahe MCMA in the 9 year gap can be clearly seen, along with
Mexico this leads to extremely dry estimates and was therethe expansion of neighbouring cities such as Toluca, Cuer-
fore not used.Cashion et al(2005 evaluate soil moisture navaca and Pachuca, and the appearance of smaller cities
from the TRMM Microwave Imager (TMI) but conclude that such as Cuautla. There is also a finer resolution of the dif-
additional in situ data is needed when using this product.  ferent forest types, including different categories for the ev-

Extensive soil moisture related data was not available forergreen broad-leaf cells surrounding the city in the AVHRR
the present study and the sophisticated assimilation techdata which are not there in reality. Shrub and grasslands are
niques are beyond our current scope. For base case rungartitioned differently, with greater use of the mixed category

Atmos. Chem. Phys., 6, 131533Q 2006 www.atmos-chem-phys.net/6/1315/2006/
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Base Case (AVHRR) Modified (MODIS) Base Case Modified Case
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Fig. 4. Land-use maps for the fine domain for default case

(AVHRR) and modified case (MODIS). Fig. 6. Vegetation fraction maps for the fine domain for the default

case (interpolated from coarse AVHRR data) and for the modified
case (MODIS values).
Modified (MODIS)

. 25 the MODIS product. The MODIS values are lower for all
20 categories. Forested areas in particular can be clearly seen.
E v . The urban areas have slightly lower albedos, but there is a
£ i smooth variation with the surrounding areas that corresponds

g 1 *Eh 5-:‘: 10 with the differences in the urban fabric, ranging from built-
W ke ,?‘-“!;, . up central areas, to dense low residential areas to the east or

? leafy residential to the southwest.
% Liang et al.(2002 andLucht et al.(20003 found that the

w0 m0 5% o 0 5% MODIS albedo products were within 0.02 of ground mea-

VT Bast (km) UTM Bast (km) surements, a precision deemed necessary for climate mod-

. . o elling. Tian et al.(2009 compared the values with those
Fig. 5. Albedo maps for the fine domain with tabulated values (de- from the Community Land Model (CLM2) and attributed
fault case) and with MODIS values (modified case). most of the discrepancy to model limitations rather than ob-

servation uncertainty.

in the MODIS data. This has an impact on the stomatal resis- ) ,
tance, see Sed. Several areas were classified as savannah®-3 Vegetation fraction

This may need to be explored in the future, although the im- ) ] ) o
pact is limited to a larger value of the vapour pressure deficitVegetation fraction, by controlling evapo-transpiration, has a
function. large impact on the latent heat flux. As for albedo, vegetation

indices are calculated for 16 day periods at 1 km resolution
5.2 Albedo (Huete et al.2002. Vegetation fractions are derived from

the normalised difference vegetation index (NDVI) using the
Schaaf et al(2002 obtain both black-sky and white-sky method ofGutman and Ignato{1998, exactly as was done
albedos from MODIS for seven spectral bands and 3 broadvith AVHRR data before.
bands using the algorithms describedoght et al.(20008. By default, MM5 determines the vegetation fraction from
These are calculated every 16 days at a resolution of 1 kmmonthly AVHRR values at 10 min (18 km) resolution.
correcting for atmospheric distortions and the presence oMODIS data are averaged from the three 16-day periods end-
clouds. Gridded values for MM5 were obtained from the ing 22 March, 7 and 23 April. Figurg@shows the comparison
albedos for the broadband in the range & ® 50 um, us-  for the fine domain. The coarse resolution of the default data
ing a diffuse light fraction of (2 and averaging to the model set fails to capture the detailed spatial patterns of the vege-
resolution. Maps from March and April 2003 were then av- tation fraction. This is picked up very well in the high res-
eraged to a single map representative of MCMA-2003. Aver-olution data set, with forests on the mountains but the bare
aging in time lead to a spatial field with no missing data andelevated volcano peaks clearly visible. The urban area has
smoother variation from cell to cell. This was also applied to less vegetation but the variations in the different parts of the
the other satellite data fields. city are of the same magnitude as the variations with the sur-

Figure 5 shows the comparison between the albedos defounding areas — forest to the southwest, arid/agricultural to

rived from the tabular values for the AVHRR land-use and the east.

www.atmos-chem-phys.net/6/1315/2006/ Atmos. Chem. Phys., 6, 1338-2006



1320 B. de Foy et al.: Satellite surface parameters for mesoscale modelling

Base Case (Table) Modified (MODIS) 5.5 Surface temperature

Land-surface temperatures are obtained using the generalised
split-window algorithm and screened for cloud effedi¢af
et al, 2002. Quality assurance flags are provided with the
data Wan, 2003, indicating the uncertainty to be less than
1, 2 or 3 K or higher.Wan et al.(2004 validated the data
against field measurements to confirm these levels of accu-
racy. For the data retrievals above the MCMA, most of the
data is within 1 K accuracy except for the urban area and
certain other scattered pixels which are within 2 K.
UTM East (k) UTM East (km) There are measurements four times a day from the night
and day passes of the Terra and Aqua satellites. For the

Fig. 7. Surface emissivity maps for the fine domain with tabulated MCMA domain, the observations times are as follows: 22:00
values based on the AVHRR land-use map and with MODIS valuestg 23:00 for Terra night, 01:00 to 02:00 for Aqua night,
10:00 to 11:00 for Terra day and 13:00 to 14:00 for Aqua
day (Central Standard Time). The land surface temperature
retrieved from satellite corresponds to the skin temperature
(“Ground T” in MM5). For modelling, we are interested in
the deep-soil temperature. An empirical linear relationship
between the deep soil temperature and the skin temperature
was sought from the model output of the form:

UTM North (km)

5.4 Surface emissivity

Retrievals of surface emissivities in the thermal infra-red
range from MODIS data are describedHgtitcolin and Ver-
mote (2002. MM5 requires the 9 pum emissivity whereas
MODIS has channels at 11 and 12 pym. The MODIS UCSB
Emissivity Library contains a collection of spectral emissiv- Tyeep= a1T1 + a2T2 + azT3 + aaTs (1)
ities for a large number of reference surfaces. By looking at ) ]
the wavelength dependence of these, it was decided to us&/NereTueepis the deep-soil temperaturg, the surface tem-
the 11 um values. The emissivity product is calculated everyPerature from the night pass of Tera,Aqua night,7s Terra
8 days. For this study, the periods ending 30 March, 7 andi@ and7s Aqua day. MMS was run for the same 10-day
15 April were averaged. period twmg v_v!th. the final soill temperatqre from the flrst_
Figure7 shows the comparison between the tabulated val"un used to initialise the second run, leading to a stable soil
ues and the MODIS maps. MODIS values are higher and€mperature profile. The linear relationship of the deep soil
vary much less than the table values. Some of the variatiof€MpPerature to the skin temperature at the equivalent satellite
in the tabulated values, such as between grass and shrub larfR€rPass times was found by linear optimisation of the coef-
seems to be an artefact of the land-use categories and is ré¢i€ntsas throughay to reduce the residual when applying
duced in the MODIS dataFrancis(2003 developed an at- E_q. @) to every land grid cell in thg domain. Separate coeffi-
las of surface emissivities and compared them with MODISCients were found for each domai(0.19, 0.37, 0.13, 0.20)
products. Similar discrepancies were found and were atfor domain 1, (0.24,0.35,0.14, 0.08) for domain 2 and
tributed to the limitations of the land-use categories rather(0-00. 0.52,0.23,0.10) for domain 3. Note that these were
than to the limitations of the satellite observations. UsingNOt constrained to sum to unity. Because deep soil temper-
such high emissivity values in MM5 however leads to an ature varies on the timescale of months, these were appllgd
over estimation of the night time cooling causing a nega-to average skin temperature obtained from the 9 8-day peri-

tive temperature bias and reduced winds. The satellite prod2ds from 6 March to 9 May 2003 in order to obtain an initial
uct was therefore not used in the model simulation, keepteémperature field for MMS. _

ing instead the previous table values in combination with the  The initial temperature of the surface and of the first model
MODIS land use categories. This issue will need to be ex-2yer was taken from the night pass of Aqua. Inspection of
plored further as the current simulation does have a warnfnodel output showed this to be a sufficiently good approxi-
bias at night but the satellite emissivities over-compensatednation that any errors would be transients of less than a day.
in the present case. Higher spatial resolution data from the 'Nitial soil temperatures in MMS5 are interpolated from the
Advanced Spaceborne Thermal Emission and Reflection RaSFS model output. A correction of$ K/km is then ap-
diometer (ASTER) has been compared with MODJ&dob plied based on the height difference between th&&S grid

et al, 2004 and could provide more detailed information on and the MMS grid. Figur& compares the deep-soil temper-
emissivities in the MCMA. atures from the usual MM5 procedure with those obtained

from MODIS for domain 1. The temperatures are similar
along the coast but different at higher elevations, suggest-
ing that the correction factor is too strong. Fig@shows

the deep-soil temperatures for domain 3. The temperatures

Atmos. Chem. Phys., 6, 131533Q 2006 www.atmos-chem-phys.net/6/1315/2006/



B. de Foy et al.: Satellite surface parameters for mesoscale modelling 1321

Base Case Modified Case Base Case Modified Case
- [ ® . PR L o Vi ¥ e
25 N[ f 25" [, T 24 i
%" ‘ \ 7 .% 30
S 2 2
20°N % - e 20°N 24
'S ‘2\::. 1%{ £
g < 18
15N RN [PTSY §
105°W 100w 95 W 105w 1000w 95 W z 12
o}

Fig. 8. Deep soil temperature maps for the coarse domain, default
values and MODIS derived values.
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are nptlceably warmer over the whole domain, and the urbarhg. 9. Deep soil temperature maps for the fine domain, default
heat island can be seen for the MCMA, and to a lesser €XYalues and MODIS derived values.

tent, for Toluca. Note however that this is a secondary factor

in the simulations as the urban heat island is caused by prop-

erties of the surface materials and water availability among, \\ el results

other things. The primary factor that is being addressed by

obtaining a new deep soil temperature field is an improved ) _ ) )
estimate of the ground heat flux over the whole domain. ~ Two model simulations will be described here: the base case

with model settings and input fields set to default values, and

the modified case with the input fields specified as described
6 Tabulated surface parameters above. Part of the motivation for the current study is that

four dimensional data assimilation (FDDA) did not improve
The remaining surface parameters were specified by land-usge simulations. Further tests were therefore performed with
and soil index tables in MM5. The MODIS land use maps analysis nudging on the coarse grid for base and modified
were used for the modified case, but both cases used the sarggses, in order to compare their performance for the fine do-
soil types from the UN-FAO database. The default valuesmajn with the modified case with no nudging. Simulations
(Grell et al, 1995 were used except for four parameters for \yith the 5 layer soil model (but no nudging) were also com-
the urban land category only. pared for both the base and the modified case in order to show

Surface roughness was recently increased in MM5 for thehe improvements obtained from a more sophisticated land
urban category from 50 cm to 80 cm. The MCMA how- gyrface model.

ever has few high-rise buildings and is dominated by 2-story

b;J_lIdImgs W't?h flatdroofst: They ar(: (;gpse, bu(tj for(rjnoak rel- model with no nudging as these gave the results closest to ob-
atively smooth and continuous surtastimmond an € servations. Results will be shown for 15 April which is in the

(1999 reviewed the literature on surface roughness measurez ;o of the simulation period and has a well defined wind
ments. Based on their descriptions, it was decided that th

. &hift. The statistical evaluation however will show results
surface roughness length would be better approximated b¥rom all 6 simulations using data from the complete 4-day
low to medium density urban categories, and a value of 25 CMimulation period
was used. '

The remaining parameters that were modified are: root- ] )
ing depth, a parameter for the radiation stress function and-1 Synoptic overview
a parameter for the vapour deficit function. These influence
the latent heat fluxes. The default values are very differentl4—-17 April 2003 was described as an “O3-South” episode
from the surrounding grid cells in the model and lead to low in de Foy et al(2009. Figure10 shows the high pressure
latent heat fluxes over the MCMA. As was seen from spacesystem on the Pacific Coast of Mexico. This leads to subsi-
for albedo and vegetation fraction, the variations in surfacedence over Mexico City and northerly winds aloft resulting
properties for the MCMA are gradual. The rooting depth in clear skies and weak winds in the basin. The correspond-
was therefore increased to 3 layers, as for the other land-usieg surface winds in Figll show the competing effects of
categories. The radiation stress function parameter was set the sea breezes from the Pacific Ocean and the Gulf of Mex-
100 and the vapour deficit function parameter was set to 40 tico, reinforced by northwesterly winds from Baja California
bring them in to line with the surrounding area. The stomataland southeasterly ones in the Gulf. The convergence line is
resistance, at 200 smh, remains higher than the surround- on the east side of the Mexican Plateau and passes through
ing areas which vary from 40 for grassland to 170 for mixed the Mexico City basin combining with the local basin winds
grass and shrub land. to create rapid wind shifts.

The description of the results will focus on the NOAH soil
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Fig. 10. Weather map at 500 hPa for 15 April 2003, 19:00 CDT

based on the MM5 coarse domain simulation for the modified case.

Thick blue lines for 500 hPa height, thin red lines for isotherms and
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Fig. 12. Surface winds in the Mexico City basin for 15 April 2003,
07:00, 13:00 and 19:00 CDT. Model output with alternate vectors
shown on the left. All available observations shown on the right.
Contour lines of terrain elevation.
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and through the Chalco passage which are residuals from the

e e e LS - / \ "A;(,,"
BN /%;;////////2 ) /x f (ld N -7 previous day’s wind shift. At 13:00, there are upslope flows
v JAAAAN LA /;;;;//; R along the western and southern slopes of the basin leading to
oW 00w o5 W northerly flows in the whole basin, that become increasingly

steady and strong. By 19:00, the jet flow from the Chalco
passage has moved through the whole basin pushing back

Fig. 11. Surface wind vectors for 15 April 2003, 19:00 CDT based the conv?rgence line t_o the north of the MCMA.
on MMS5 coarse domain simulation for the modified case. Alternate  There is good qualitative agreement between the model
vectors shown only. and the measurements. Note the variability among the ob-

servations, which is a factor of the weak and variable basin
winds on the one hand, and of very different siting condi-

wind (0.1-12.2 mis)|

7.2 Basin observations tions among stations and between different monitoring net-
works on the other. At 07:00, the model captures well the
7.2.1 Surface wind vectors strong channel flows but does not do so well with the weak

drainage flows in the northwest. At 13:00, the structure of the
Surface (10 m) wind vectors from the modified case aremodel winds is much more coherent, with the direction of the
shown in Fig.12 alongside all available observations in the slope flows modified by the larger scale flows aloft. There
basin. This shows the classic “O3-South” pattern. At 07:00is some surface divergence on the northeast side, which is
there are very weak winds in the basin with drainage flowsdue to convergence aloft from channelling of the winds by
into the basin around the perimeter. On the west and east atthe mountains as they enter the basin. At 19:00, the conver-
stronger channel flows over the mountain pass from Tolucagence in the basin is strongly simulated by the model, with
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Fig. 13. Comparisons of surface winds in the Mexico City basin 500 \
for 15 April 2003, 17:00 CDT, for the base case, modified case and 03 035 330 25 & 75 1N E S W N E 05 a6 it

observations. Alternated model vectors shown only. Pot.Temp.(K) ~ Water Vap. MR (gkg)  Wind Direction Wind Speed (m/s)
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4000
the position of the convergence line too far to the north. The z ..,

main features are well simulated however: strong southerly £ 5,
gap flow at Chalco (a), winds over the southwestern edge of 2 s
the basin with channelling through the pass from Toluca (b) ; 2000
and northeasterly winds being pushed back in the northwest £ 1500
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A comparison of the simulated wind convergence for the ~ *°| |{ \ |
base case and the modified case is shown inl&fpr 18:00 810 315 320 325 330 25 5 75 10N E S W N 02468101214
CDT. At this time the observations show the northeasterly =~~~ ‘e7ieveere  ndsedon o ndssedms
flow in the basin and the advancing jet from the southeast. ,|19:00CDT Raob

Mod
— — —BCENICA
— — —~MCENICA

These features are present in both model simulations. The ,u,
wind jetis however much less developed in the base case tharg sso0
in the modified case. There is some disagreement in wind § soc0
direction between the different observations which make it

difficult to place the actual position of the convergence. Fur-

thermore, some stations are locally influenced. Santa Ana
Tlacotenco (SATL) for example has up-slope winds whereas 1000 i
Tlahuac (TAH) sees the southeasterly jet. Taking these fac- 5 | \ \
tors into account, the modified case can be seen to better rep- 910315320 325330 25 5 75 105 W N E S 02468101214
resent the Wind Shif[ than the base case. Pot. Temp. (K) Water Vap. MR (g/kg) Wind Direction Wind Speed (m/s)

2500
2000

Height above g

1500

Fig. 14. Radiosonde profiles of temperature, humidity, wind direc-
7.2.2 Radiosonde observations tion and speed from GSMN (Mexico City, MEX, 2309 m a.s.l.)
in thick black lines for 15 April 2003 at 07:00, 13:00 and

Radiosondes were launched every 6 h during MCMA-200319:00 CDT. Thin lines are model simulations at GSMN, dotted lines
from GSMN (MEX) on the western slopes of the basin. at CENICA. Base case shown by blue lines, modified case shown
Soundings for 15 April 2003 are shown in Figi for 07:00, by green lines.
13:00 and 19:00 CDT along with model results for the base
case and the modified case for both GSMN and CENICA.

In the morning, there is little difference between the casesstead. This is probably the reason for the moister and more
and between the sites. The atmosphere is stable with som@ratified boundary layer.
residual stratification in the temperature profile left over from By midday, the intense solar heating has led to a mix-
the previous day’s mixing layer. These are also reflected ining layer reaching up to 3000 m. This is uniform across
the humidity profile, with a more humid layer up to 1250 m both sites. The modified case is warmer in the mixing layer
above ground level. The model both over-predicts this fea-and matches very closely the observations, especially below
tures and fails to mix it within the bottom layer. The winds 1000 m. This is also the case for humidity, where the model
are strong and northwesterly aloft. Below 3000 m they matches well aloft and below 1000 m but the excess humid-
weaken and become more westerly with a pronounced surity from the morning is now mixed through to between 1500
face jet in the bottom 750 m. The model correctly simulatesand 2000 m, nearly 1000 m higher than the observations. The
the winds aloft but they are too weak in the region shieldedwinds are well represented although too weak in the bottom
by topography. The model also fails to capture the down-2500 m. The very low wind speeds observed explain the
slope jet simulating a weak southwesterly drainage flow in-variable wind direction near the surface. When winds are
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Fig. 15. Soil temperature measurements from Montecillo (09:00- & ‘%
20:00 CDT) for 14-16 April 2003 in orange hues and crosses versus ;5 E ,
model results, base case in blues in squares, modified case in greens wj
and circles for all depths/layers available. Sp
9
76 i i
. . . . . E
this variable, grid and time-averaged model results (3 km in =gl
space, 1 h in time) cannot be expected to match the wind &
direction. § 2
The afternoon is when the largest differences between the k i

model cases are expected as well as between the 2 sites. At *13-12 1a-00 14-12 1siog islT;z leéé’? 16-12 1700 17-12 16-00
19:00, the boundary layer is 3500 m high as seen by both 2y~ Time (CPT)

the temperature and humidity profiles. This is correctly sim- Fig. 16. Surface observations at CENICA in black versus base

“'at‘?o_' by th_e modified case. The base case is tc_)c_) cool Wltrﬂblue) and modified (green) model cases for temperature, humidity,
a mixing height of 3000 m. At CENICA, the modified case ying girection and wind speed. Entire simulation period shown: 13

is already experiencing an influx of moist air from the south- april 07:00-18 April 00:00 CDT.

east jet. This wind shift is over-predicted at GSMN with the

observations lying between the 2 cases. The wind speeds are

now better represented and even too strong in the layer belowemperature and humidity values and the 10 m wind speed

1000 m. and direction. The temperature variation is well simulated
_ . although the afternoon peak has a cool bias in the model.
7.2.3 Surface time series This is reduced in the modified case. The humidity and wind

) ) ) direction profiles are very similar, with wind shifts leading to
Figure 15 shows the comparison of soil temperature mea-p ity shifts. Northerly winds bring dry air into the basin,
surements at Montecillo with the simulations. The NOAH 54 southerly ones lead to an influx of moist air. The timing

soil model has 4 layers with thicknesses of 10, 30, 60 andyt yhe shift can differ by 1 to 2 h between the base case and

100 cm. The prediction heights are the layer mid-points: 5,4 ified case. The wind speed in the basin follows a very
25,70, 150 cm. The cold bias of the base case can be clearlyqar pattern: minimum at sun-rise with winds less than

seen. There is a gradual warming of the soil which would { m/s, maximum at sun-set. This is very well represented

need at least 5 days just for layer 2 to reach equilibrium,, the model, especially after the initialisation period. The
much more for the deeper layers. The modified case has gaqe case has minimum winds that are too calm with a de-

deep soil temperature nearly exactly as measured. The SUfayed pick-up during the morning. This feature, crucial in

face layer in the model lies t_JetW_een the observations for th%etermining pollutant dispersion in the MCMA, is much im-
0 m and 5 m levels. For this grid p_omt, both mpdel €aseSyroved in the modified case.
are the same, although for other points the modified case is
usually warmer by 2-3 K in the afternoon. In either cases,7.2.4 Urban heat island
however, the ground heat flux is affected.

Time series of surface meteorological variables atThe final comparison of model simulations is for the skin
CENICA follow a strong diurnal pattern, as shown in Fig. temperature at 03:00 and 15:00, shown in Rignext to the
The base case and modified case values are plotted next ddODIS data from the Aqua satellite passes for those days.

the observations for the 4 days of simulation, using the 2 mThe model simulations have a smaller range in diurnal skin
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temperature, with a warm bias at night and a cool one during  Base case 03:00 Modified 03:00 MODIS Aqua Night 02:45
the day. The urban heatisland can be clearly seen at night buj ﬁ T
the afternoon temperatures are not affected as much, as ha, *+ e
been observed for other citieAtkinson 2003. The base
case has a very sharp transition between the rural and urbarj,
grid points. The modified case better represents the grad-
ual nature of the heat island and also its greater spatial exten
due to urban growth. During the day, the modified case better
represents the heating up of the surface in the basin as wel
as on the plains to the north of the MCMA. There are sharper
gradients between land-use classes in the satellite measure
ments and these are reflected in the modified case. Overal
however, the improvements are modest. Further improve- i
ments could come from incorporating surface emissivities

k3

%

S -

$
- 25

once the discrepancies between satellite sensing and knowr, &
surface values are better understood. Refining soil moisture
availability will also lead to more reliable simulations. Fig. 17. Comparison of skin temperature for base (left) and mod-

ified (middle) cases with MODIS measurements (right) for AQUA
night (top) and day (bottom) passes. Model results from 15 April
o 03:00 and 15:00 CDT. Remote sensing from AQUA overpass at
8 Model statistics 02:45 and 15:20 on the same day shown at sensor resolution.

Having shown some of the model results versus observations,

we will now present results on the statistical performance of N ) 05

the model. Given the large number of observations, reducRMSEc= |:le (P =P)—(0: = 0)) } ©)
ing model performance to a handful of numbers is too sim- i=1

plistic and can be misleadingaylor (2001) devised an ele-

gant diagram to summarise model performance from differ- Figure 18 shows such a diagram for wind speed mea-

ent sources and/or simulations. However, these plots make Lurements from radiosonde soundings for the coarse domain.

d_|ff|cult to.V|suaI|se bias yvh|ch was an |mpo_rtant can|dera- Each point represents the statistics for one sounding for one
t|op for this work, especially in relation to air quality mod- model case. In order to help interpret the cloud of points,
elling. o ellipses are drawn for each model case centred on the aver-
An alternative diagram was therefore sought that wouldage with radii representing the standard deviation. Elongated
display both error and bias while preserving the relationshipe"ipses along the line=x for the standard deviation points
to the standard deviation of the data. This was achieved by @hqyy that the model variability is the same as the data. El-
two-dimensional plot with a point representing bias (B}, ( ipses centred on the x-axis for the error points show that
P are model resultsp observations) versus centred root the model does not have a net bias, but the errors are around
mean square erroRMSEG i.e. RMSEwith the bias com- 5 /s which is close to the variability of the data. The error
ponent removed, Eq3)). A second point is plotted for the  yeqyction from using FDDA can be clearly seen. Because
standard deviation of the model simulation versus the stanyhe statistics are calculated with the same data as the analy-

dard deviation of the data. All of these values have units thakjs nowever. this shows that the algorithm worked but does
are the same as the observed variable. Ideally, the model varjyot necessarily show that the simulation is improved.

ability captures the variability in the measurements which

translates in the diagram as standard deviation points on thﬁons with the GSMN sounding shows a well represented

lrltra]Se}r)l ?lfg -Iror\]/(\j gir;gr;r?(;nroixllqzl::grze 2?]26;:?;?; ;:g:? drzﬁ)s'ovariability with sim!lar errors to the coarse domain. There
be lower than the variability of the.data suggesting that theare now greater d|ﬁer§ nces between the cases as the land
error points should be to the left of thé standard deviations.urface has a much bigger impact on the fine scale _S|mula-
point. Different criteria have been recommended for this fortlons' There is also an apparent_trad_e-off petween bias and
exam.ple that errors should be less than 30% or 50% o'f th error. The base case has a nggatlvg bias with \{v!nds too weak
variability. This is however dependent on the variable being y nearly 1 ryrs. Th|s Is eliminated in the mOd'.ﬁed case at
compared and the case being studied the cost of slightly |'ncrease|EMSEc Both aljaly5|s nudging

' and the 5 layer soil model performed noticeably worse for
the fine domain with larggRMSEcvalues. This shows that
the use of a more sophisticated land surface model was justi-

BIAS=P -0 (2) fied, and furthermore that focusing on improved land surface

The diagram for the fine domain comparing the simula-
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obs St Dev Obs St Dev MMS5 with fine resolution performs no better than regional

° . ° models with much coarser grids even though it has a much
better qualitative representation of the flow features. This is
attributed to the importance of the subdiurnal range of the
wind power-spectrum which consists of short-scale fluctua-
tions that cannot be expected to be simulated by a model.
This suggests a limit on the ability of models to represent
point measurements as well as of statistical metrics to evalu-
ate the model performance.

Coarse Domain Fine Domain

Model St Dev

Bias (Model-Obs) m/s

4 5 0 05 1 15 2 25 3 35

2 3 A
RMSEc m/s RMSEc m/s

Fig. 18. Statistics diagram for radiosonde observations of wind 9 Conclusions

speed for the coarse domain and the fine one for the first 4000 m

above ground. Crosses represent the standard deviation of the sinigh resolution satellite observations of land surface parame-

ulation results versus that of the observations. Circles representers were used to simulate the wind circulation patterns in the

the bias versus the centred root mean square éRMISES. Each ~ Mexico City basin. The surface land use, albedo, vegetation

model case is represented by a different colour, multiple symbolsraction and surface temperature were specified from remote

for ez?lch case represent statistics from individual sounding times angensing measurements. This led to an improved simulation

locations. Ellipses are drawn for each model case centred on the a(\jldf the afternoon wind jet that clears the air in the MCMA and
a

erage of all the points and with radii corresponding to the standar - L . L
e . . ._a more accurate determination of the mixing height which is
deviation. For the error points, the ellipses show the average bias

and error along with the variation between the soundings. For theé® determining factor for poII'utlon levels. The .urban heat is-
standard deviation points, the ellipses are calculated alongthe  |and was more accurately simulated, albeit slightly, showing

line to show if there is a systematic difference in the standard devidts greater spatial extent at night than during the day and a
ation of the model and of the observations, and to show the scattevarying intensity due to different land use patterns surround-
between soundings. ing the city.
A novel plot was devised to analyse the statistical per-
formance of the model compared to numerous observations.
representation for the current case is a bigger factor in simuBy preserving separate statistics for different stations, the
lation improvement than analysis nudging. diagram displays the variability in both measurements and
Figure19 shows similar diagrams for the surface temper- model agreement, providing a context for the interpretation
ature, wind speed and wind direction in the basin, using theof the results and the evaluation of model improvements.
data at CENICA and at SMN stations. The base case has a The present work seeks to reduce the uncertainty as well as
cold bias of around 1 K which is reduced but not eliminated the dependence on look-up tables for important surface pa-
in the modified case. The 5 layer model has much larger errameters. The aim is to reduce the potential for compensating
rors and bias. For wind speed, there is a negative bias oérrors in model simulations so as to improve the understand-
around 0.5 nis for the base case. This modified case hasing of the factors affecting the wind circulation in the basin.
no bias but slightly higher errors. TiRMSEcincreased for  The extent to which the extra constraints lead to fewer uncer-
only some of the stations however, leading to more uniformtainties in the heat budget in the basin will need to be further
errors in the domain. The cases with analysis nudging anexplored. Discrepancies exist between surface based mea-
with the 5 layer soil model perform clearly worse although surements and satellite derived data. This was particularly
the impact of the satellite data shows a similar trend as fomoticeable for emissivity values for which further evaluation
the base and modified cases. For wind direction, the picwill be required before inclusion into meteorological models.
ture is more mitigated with no improvement in the statistics. Use of alternate satellite sensors will be able to reduce un-
While the average bias is close to zero, the range among theertainty and expand the current analysis. For example, data
stations is large and the errors are in excess of the variabilfrom ASTER for soil temperature and surface emissivities is
ity of the data. This suggests that in addition to simulationavailable at higher spatial resolution and would improve the
improvements, more work will be needed in evaluating theunderstanding of urban impacts.
wind direction performance. Sensitivity analyses on the parameters used in land surface
One limitation of the evaluation is the comparison of models were carried out bftkinson (2003 and Molders
model data with point radiosonde observations at very lim-(2001). Both studies suggest that the Bowen ratio is de-
ited times and surface observations that may be locally influpendent on a range of parameters that are site- and study-
enced by the urban fabric and surrounding vegetatiife specific. In the present work, soil moisture remains the
et al. (2004 examine the performance of mesoscale mod-largest source of uncertainty, especially as no field mea-
els at different spatial ranges. For basin flow, they find thatsurements are available. Further work will need to better
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Fig. 19. Statistics diagram for surface observations of temperature, wind speed and wind direction for domain 3. 1Bderfégplanation.

Colour coding is the same as for the radiosondes, but with different symbols for each series of error points and crosses for the standard
deviation points (+ for base case, x for modified). Points with the same colour and symbol represent results from different stations for the
same model case.

constrain this parameter in order to analyse the separate efer the MCMA-2003 campaignde Foy et al.2005. These
fects of the land surface properties. data will be used to refine the analysis of the surface heat
Further use can be made of existing satellite data sets itbudget in the model, and in turn to analyse the driving forces
refining the inputs to land surface models. For continuity of the Mexico City basin circulation.
and simplicity, vegetation fraction in this study was derived Urban modules being developed for mesoscale applica-
from NDVI. This could be changed to EVI which is a more tions are particularly data-hungry. Including as much data as
sensitive indicatorfluete et al.2002. At present, thereisa possible from satellite measurements will provide necessary
single urban category in the modé&ttefanov et al200l) use  constraints on the model and help in their evaluation. This
Landsat Thematic Mapper data to classify urban points intowill enable more detailed analysis of processes involved in
sub-categories, which could be added to mesoscale modelg’ban climates, for example the impact of anthropogenic heat
(Zehnder2002. Landsat data could also be used to evaluatefluxes and that of global radiation attenuation by aerosols
the sub-grid scale variability and introduce it into the land (Jauregui and Luyandd999.
surface model. Different approaches for this in mesoscale ] ] o
models are reviewed iMolders (2003 who found that it AcknowledgementsThe analysis contained in this paper was made

could have a significant impact, especially on soil moisturepossible by the collaborative efforts of many people involved in field
! measurements, both during the campaign and over longer periods of
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from both AVHRR and MODISVenturini et al,2004. Data  as R. Ramos, A. Retama and the operators and analyst personnel of
from several satellites are combined with models to develoghe “Red Autonatica de Monitoreo Atmosfico del Gobierno del
surface energy flux estimates on the fine urban seal® ) Distrito Federal” for their contribution in administering and gather-
(Norman et al.2003. This remains an open issue however, ing the data used in this manuscript. We are gratt_aful to M_. Rosen-
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