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Abstract. A common problem in Air Quality Modeling (AQM) is the lack of meteorological
observations in the area of interest for the initialization of Numerical Weather Prediction (NWP)
models or evaluation of their results. Even if a significant number of weather stations are available,
they cannot provide information above the surface level. Satellite atmospheric products constitute a
unique source of information as they can give measurements at every point of the planet, and vertical
profiles of some meteorological variables. However, this information should be wvalidated if
operational use is intended in air quality studies. This work develops a methodology for spatial and
temporal forecast verification using three different sources of information regularly available in
Mendoza: MODIS atmospheric products, radiosounding data and radiometer measurements of water
vapor. We present comparisons and statistical analysis between Moderate Resolution Imaging
Spectroradiometer (MODIS) temperature and dew point profiles versus traditional upper air profiles
obtained by soundings and total water vapor content obtained with radiometer. We developed
statistical indicators of information quality, as a guide for operational use of satellite atmospheric
products for NWP model validation.
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1 INTRODUCTION

Air Quality Modeling (AQM) provides very useful information for policy makers, as it
gives pollutant concentrations over a region and its evolution over time, and may also provide
predictions for near future. However, models require detailed meteorological information
input that may be obtained from meteorological stations in the regions of interest, or from
Numerical Weather Prediction (NWP) models. The use of meteorological models as input to
air quality models is the best approach because they provide description of meteorological
variables for every grid point of the modeling domain and at every vertical level, in contrast to
ground observations that are sparse in the domain and only provide information at ground
level. Accordingly, GEAA has been working with Weather Research and Forecasting (WRF)
model to produce high resolution meteorological input data for use in air quality studies
(Peckham et al. 2010).

The problem that remains is the validation of NWP models in order to guarantee that
results from air quality models are within expectable errors. The validation process requires
comparing model results with measurements of meteorological variables in the modeling
domain. A secondary problem is the availability of such observations. For example, in the
case of Mendoza, Argentina, there are only two meteorological stations. An interesting
alternative is the use of satellite atmospheric products. They offer global measurements at a
spatial and temporal resolution that depends on the instrument and platform.

In this paper, we discuss the use of Moderate Resolution Imaging Spectroradiometer
(MODIS) atmospheric products, radiosounding data and a radiometer for validating WRF
results.

2 MODIS ATMOSPHERIC PRODUCTS VALIDATION OVER MENDOZA

MODIS, on board platforms Terra and Aqua, offers atmospheric profile product consisting
on the following information: total-ozone burden, atmospheric stability, temperature and
moisture profiles, and atmospheric water vapor. All of these parameters are produced day and
night for Level 2 at 5km x 5km pixel resolution. Profiles are given for 20 standard pressure
levels. There are two MODIS Atmosphere Profile data product files: MODO07_L2, containing
data collected from the Terra platform; and MYDO07_L2, containing data collected from the
Aqua platform. (http://modis-atmos.gsfc.nasa.gov/MODO07_L2/index.html).

We did a statistical analysis of MODIS data over a period of 4 years, from 2007 to 2010,
over Mendoza, also using information available from radiosondes, ground observations and a
radiometer operated by GEAA, for water vapor determination.

2.1 Radiosondes and Radiometer datasets

In Mendoza, radiosondes are launched only during summer, when heavy hailstorms
threaten agricultural production. Table 1 summarizes data from station SAME, 87418:
32°50'S 68°47'W used in this paper for MODIS evaluation.

Year Data series
2007 |January - March
2008 | January - March / November - December

2009 |January - December
2010 |January — March

Table 1: Radiosondes monthly measurement campaigns from 2007 to 2010. Station SAME, 87418.
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National Meteorological Service launches one radiosonde a day during those months (at
Airport station only). The estimated launch time is 11:00 local time. The information obtained
from this station is daily temperature and dew point profile.

On the other hand, water vapor content was obtained from a measurement campaign with a
radiometer operated by GEAA from January to March, 2007 (Ortiz and Puliafito, 2008). This
instrument operates at 92GHz and allows the estimation of water vapor total column in the
troposphere.

2.2 MODIS data processing

Comparing radiosonde temperature and dew point profiles with MODIS profiles requires
extracting data for the point at the same coordinates of the radiosonde launching point from
MODIS data files. Often, data for that point may not be available, as a consequence of cloud
cover or poor quality of the retrieval. To overcome this problem one could take an average
profile, taking all the points around the radiosonde launching point, but this approach may
lead to errors as a consequence of the lack of representativeness of that ensemble. We did a
statistical analysis to find the behavior of standard deviation as a function of the radius of the
averaging kernel.

Given the radiosonde R4 for day d, we extracted data from MODIS Atmospheric Profile
L2, for that day, for the radiosonde launching point coordinates and all the points within a
radius r. r is expressed in points, and each point is equivalent to 5km. We only considered
MODIS profiles which had at least 2 valid measures in the lower 5 pressure levels, and at
most 6 missing values for the whole profile. All the valid profiles within radius r where
averaged at all levels. In case of r=0, there is only one profile. For data sets that met the
previous requirement, points were interpolated with a cubic spline. Figure 1 shows a MODIS
temperature profile for February 13, 2007, obtained for r=0.
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Figure 1: MODIS temperature profile for February 13, 2007 (blue line), and radiosonding data retrieved
temperature (black dots).

Radiosonde and MODIS profiles were then compared at the same pressure levels where
radiosondes measurements were defined, which vary from set to set. This approach guarantees
that no errors are further introduced by interpolating radiosonding data points. We took the
difference between MODIS values and radiosonde at every level and for all the days in the
period. The differences were then grouped in ranges and the standard deviation was computed
for each range (representative level), and for each year. Figure 2 depicts the procedure for
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2007 dataset, and for an averaging kernel radius of zero.

Mean differences

@

85
125

175F
225 |
275 F

HEEEELEL

350 -

[mb]

=

a1

S
T

Pressure

660 [ B B totx AT

740 -

815 -

PR

885 - MR -

920 1 Il Il 1 Il 1 1 | 1 | 1 |1 P | 1

-10 9 8 7 6 5 4 3 2 1 0 1 2 3 4 5 6 7 8 9 10
Temperature [C]

Figure 2: Mean differences (blue line) between MODIS and radiosonde 2007 profiles, and standard deviation
(orange bars). Black dots represent absolute differences. Averaging kernel radius r=0.

The procedure was repeated for averaging radius from 0 to 5 points. We computed the
number of days for which it was possible to obtain a MODIS profile, relative to the total
number of days for which we had radiosondings (RP). We also computed the number of
points used in building the average profile, relative to the maximum possible number of valid
points, in case there are no missing values (RDP). With this information, we built an indicator
that allowed us to find the optimum averaging radius, for which the probability of finding a
MODIS profile for any given day is maximum, with minimum deviation from the true value.
This indicator is the standard deviation (STD) of the differences between radiosondes and
MODIS weighted with the inverse of the number of valid profiles, and the inverse of the
relative number of not missing values:

WSTDi[r]ZI 1 -XSTD;|r|
RP|r| RDP|r| 1)

In order to summarize the information, pressure levels were grouped in three ranges
indicated by the subscript i. Then, WSTDi(r) is the standard deviation of the differences
between radiosondes and MODIS profiles within a distance r, weighted with the inverse of the
number of valid profiles, and the inverse of the relative number of not missing values.

STD represents the long term index of agreement between MODIS and the local
radiosonde. RP(r) accounts for the probability of finding a MODIS profile for any given day,
averaging all the points within a radius of r from the actual radiosonde launching point.
Finally, RDP is a measure of the statistical accuracy of the cubic interpolation and the
averaging kernel.
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Figure 3: WSDT versus kernel averaging radius. Each line represents a pressure range.

Figure 3 shows the behavior of WSTD with respect to the averaging radius r. We grouped
data in 3 pressure level ranges to analyze the tendency for lower, mid, and high pressure levels
independently. All the functions show a minimum between r=3 and r=4, which turns to be the
optimum radius for averaging. All the curves peak at r=0, mainly as a result of RP, which
means that the probability of finding a MODIS profile at and exact location for any day is very
low. This result enforces the idea of taking an average profile. RDP also grows as r does,
making the cubic interpolation more precise. Above r=4, the RP and RDP approaches a
constant value, and STD increases as a consequence of the lack of representativeness of points
far from the radiosonde.

Figure 4 shows mean differences between MODIS and radiosonde temperature profiles for
2008 dataset, for and averaging kernel radius r=4. Standard deviation is slightly greater than
that shown in Figure 2 for 2007, this phenomenon being a consequence of the error introduced
by the averaging kernel. Nonetheless, for a total of 204 radiosondes in the period it was
possible to obtain 132 MODIS profiles, while for r=0 only 79 MODIS profiles were valid. In
other words, for r=4 we obtained 67% more profiles to compare than with r=0.
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Figure 4: Mean differences (blue line) between MODIS and radiosonde 2008 profiles, and standard deviation
(orange bars). Averaging kernel radius r=4.

The big differences found in lower troposphere can be a consequence of the time of
satellite retrieval. While radiosondes are launched at 14:00 UTC, Terra passes over the region
between 13:00 and 16:00 UTC.

In upper layers, the behavior seems to be the same for different periods, showing a
systematic error, that requires further investigation.

Dew point showed much larger differences, in the order of -20°C to -40°C (not shown).
This result may be a consequence of the poor vertical resolution of MODIS profiles, mainly in
lower levels, where water vapor content is grater. Furthermore, lower level MODIS retrievals
are often missing, increasing the error. On the other hand, for upper levels, differences in dew
point are in the order of -5°C.

2.3 Water vapor content

Ortiz and Puliafito (2008) showed the results obtained with a radiometer for water vapor
content in Mendoza. Datasets from that measurement campaign (January to March, 2007)
were used to validate MODIS water vapor retrievals.

The radiometer integrates the column of water vapor density along the instrument line of
sight; a complete description of the radiometer can be found in Puliafito et al. (1995); results
for 2007 measurement campaign can be found in Ortiz and Puliafito (2008). We simulated the
line of sight of the instrument when extracting MODIS dew point values, in order to better
represent the measurement process of the radiometer. Figure 5 shows the correlation between
MODIS, radiometer and radiosonde.
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Figure 5: Correlation between Radiometer, MODIS and radiosondes, for 2007 radiometer measurement
campaign in Mendoza.

MODIS shows in most cases smaller values than the radiometer and the radiosonde,
probably due to the frequent lack of retrievals in the lower levels of the troposphere where
water vapor is more abundant. Figure 6 shows a time series for January 2007 with MODIS
and radiosonde values. The correlation is good, with maximum differences of 1g/cm?®. Mean
differences are 0.2g/cm? in most cases being values reported by MODIS smaller than those
reported by the radiosonde.
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Figure 6: Time series for January 2007. Orange line represents water vapor total column reported by
radiosonde. Light blue dots represent MODIS reported values.
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3 WRF MODELING AND RESULTS VALIDATION

This section describes the local configuration of WRF used in this work to obtain high
resolution meteorological fields. A complete description of the model setup and its
characteristics can be found in Peckham et al. (2010).

3.1 WREF setup description

For WRF simulation we setup three nested domains with 27 vertical levels and a spatial
resolution of 36km, 12km and 4km respectively, being the smaller domain centered in
Mendoza city (32° 53’ S, 68° 50’ W, height: 750 m above sea level), as shown in Figure 7.

WREF requires static data related to the description of domains that includes: topography,
land use and land cover. The package includes databases that WRF uses by default to include
this information (Peckham et al., 2010). However, those sources have data with very coarse
resolution, which result inadequate for most real cases simulation. Instead, we replaced that
information with more accurate and fine resolution datasets. We used terrain elevation
provided by Shuttle Radar Topography Mission SRTM3 (Rodriguez et al., 2005), with a
resolution of 90m x 90m, more than 10 times finer than topographic data used by default.

Land use and land cover information was also replaced and enhanced with datasets
generated by local institutions (Direccion de Ordenamiento Territorial de Mendoza
(DOADU), Instituto Nacional de Tecnologia Agropecuaria (INTA), Universidades
Nacionales) (Cruzate et al., 2007; Direccion de Ordenamiento Ambiental y Desarrollo
Urbano, 2009; Instituto de Desarrollo Rural, 2009)

Figure 7: Nested domains setup in WRF. Domain 3 centered in Mendoza.

The physical parameterizations we chose were the ones recommended for mid latitude
locations. The microphysics scheme used is WRF Single Moment (WSM). We used no
cumulus parameterization. We used the Noah Land Surface Model (LSM) with 4 surface
levels for description of surface temperature and soil moisture, and sensible and latent heat
transfer to the planetary boundary layer. The planetary boundary layer scheme used in this
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simulation is the Yonsei University (YSU PBL).
The model was setup to run from January to March, 2007, with outputs every 15 minutes.

3.2 WREF results evaluation

We compared WREF results with all the data sources discussed previously in this article.
First we evaluate temperature profile using radiosonde information, following a procedure
similar to the one described in section 2.2, in order to asses the long term behavior of WRF
model. Then we compare water vapor content simulated with all measurements available in
the period. Finally, we use the results of section 2 to show how MODIS atmospheric profiles
can be used to validate WRF over the entire domain.

3.2.1 Long term analysis of WRF temperature profile.

Using the same statistical long term analysis we used to validate MODIS, we compare the
temperature profiles obtained by WRF with those reported by the National Weather service
for all days in 2007 period.

For every radiosonding available, we extracted WRF temperature profile at the radiosonde
launching point location, and at 11:00 local time. Those profiles were linearly interpolated in
the vertical direction in order to find temperature values at pressure levels defined in the
corresponding radiosonde dataset. Then we computed mean differences between the profiles
and standard deviation, for the same pressure ranges we used for MODIS.
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Figure 8: Mean differences and standard deviation between WRF and radiosonde temperature profiles, for
2007 summer days.

Figure 8 shows results of the statistical analysis. For levels above 850mbar mean
differences are less than 0.9°C with standard deviation between 1°C and 2°C, showing a very
good degree of agreement. On the other hand, for lower pressure levels mean differences are
around 3°C with deviations of 2°C. These discrepancies may be the result of a coarse
representation of the lower atmosphere and/or a misrepresentation of land use or land cover,
being these variables responsible for heat fluxes between soil and the atmosphere. Another
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possible source of error is the surface model chose for this simulation, as explained in Misenis
and Zhang (2010).

3.2.2 WRF temperature profile validation with MODIS

Once MODIS atmospheric products had been validated, and the expected error determined,
we compared WRF temperature profiles at every grid point of domain 3 with satellite
retrievals, for February 20, 2007. Firstly, we remapped the MODIS image to match the WRF
domain. Then we used an averaging kernel with a radius r=4 to process the image, accordingly
to results obtained in section 2. Finally, we interpolated WRF profiles at every grid point in
the vertical direction to match pressure levels in the MODIS profiles. We took differences and
standard deviation at all levels. Results are depicted in Figure 9.
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Figure 9: Mean differences between WRF and MODIS temperature profiles over the whole domain for
February 20, 2007. Orange bars represent the standard deviation.

Although differences are big, in the order of 1,5°C, they are under the values found in the
long term analysis of MODIS, which means that WRF results may be within acceptable
errors. Once again, differences are bigger in the lower levels. Unlike previous results, standard
deviation values are in the order of 1°C to 4°C, maybe as a result of errors in the remapping
process.
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3.2.3 Tropospheric water vapor

In this section we analyze comparisons among WRF, radiometer and MODIS for water
vapor total column. Figure 10 shows correlation for the three sources. Radiometer agrees with
radiosonde within 0.1g/cm? for most days. High values reported by the radiometer may be due
to presence of clouds in the area, which increase liquid water content in the atmosphere. On
the other hand, MODIS seems to underestimate water vapor concentration. As previously
explained, MODIS has low vertical resolution and difficulties to retrieve atmospheric
variables in lower layers, were vapor is more abundant. Consequently, MODIS may not be an
appropriate source of information to evaluate water vapor content.

Finally, WRF shows a good degree of agreement with radiosondings and radiometer
measurement. Although WRF can simulate the presence of clouds, the location,
characteristics and time of these cumuli may not be realistic. In such cases, WRF may differ
greatly with the radiometer. In order to better capture these types of phenomenon, the model
can be setup with special parameterizations, which were not used in this case, and are beyond
the scope of this article (Santos et al., 2010).
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Figure 10: Correlation between WRF (blue circles), radiometer (green triangles), MODIS (brown squares)
and radiosonde.
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Figure 11: Water vapor time series for January, 2007. WRF (gray dots), radiosonde (red dots), radiometer
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Figure 12: Water vapor time series for February, 2007. WRF (gray dots), radiosonde (red dots), radiometer
(Light blue triangles), MODIS (brown squares) and absolute humidity (red dashed line).

Figures 11 and 12 show time series for January and February respectively. In general,
WRF, radiosonde and radiometer agree with differences not grater than 0.5g/cm?
Nonetheless, in January there are radiometer retrievals that in some cases are twice as high as
the radiometer or WRF reported values. The reason for such large differences may well be the
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presence of clouds in the area where the radiometer was located. WRF could replicate the
behavior of water vapor content, with a slight time retard by the end of February. In all cases,
MODIS underestimates the water vapor total column, for reasons already discussed.

4 CONCLUSIONS

Weather forecasting models like WRF can be very useful tools in air quality studies, as
they can provide a detailed description of meteorological variables at every grid point of the
computational domain, with arbitrary spatial and temporal resolution. This approach may be
mandatory when there are no other sources of meteorological data in the area of interest.
However, model results should be verified prior to using them as input of an air quality
model.

In this paper we discuss the use of radiosondes, radiometer and satellite retrievals for
validating WREF results. First we study the behavior of MODIS profiles over a period of 4
years, over Mendoza city. We found that satellite information have to be preprocessed to
avoid problems related with missing retrievals. We built a statistical index that allowed the
definition of an averaging kernel for data processing. We found that with the proposed
methodology, and a kernel radius r=4, the probability of finding a profile (temperature or dew
point) for any point in a domain, and that meets the quality criteria described in section 2.2,
increases from 40% to 72%. Mean differences remain within the same range, less than +2°C
for mid altitude levels and between +4°C and +6°C. Such big discrepancies near the surface
can be attributed to the differences in retrieval time.

For water vapor total column comparison, we used data from 2007 radiometer
measurement campaign. In general, MODIS underestimate this variable, as a consequence of
the frequent lack of retrievals in lower levels of the atmosphere. This result lead to the
conclusion that using MODIS atmospheric products for determining water vapor content
below 700mbar may not be appropriate.

With those results, we then evaluated WRF results for January, February and March, 2007,
over Mendoza city. First, we follow the same procedure we used whit MODIS dataset to study
the long term behavior of WREF, in terms of temperature profile. Differences with values
reported by radiosondes were almost zero, with deviations that do not exceed 1.5°C for
pressure levels over 850mbar. Near surface differences reach 3°C, probably due to bad soil
representation in the model. Statistical analysis over the entire domain for one day in the
period showed differences between MODIS and WRF that were within expected values
according to results of section 2.

For tropospheric water vapor content comparison we used MODIS, radiometer and
radiosonde. WRF showed good correlation with radiometer and radiosonde, except for
particularly high values retrieved by the radiometer, which may be attributed to the presence
of clouds in the area that WRF could not simulate. MODIS underestimates in most cases the
water vapor content.

Addetitionaly, we have probed that the configuration of WRF seems very appropriate for the
region under study, as variables studied were within expected errors.

Eventhough the validation presented in this paper was performed for MODIS data over the
Province of Mendoza, the methodology presented can be extended to any other satellite
product and ground-based measurement at any point of the world.
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