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Abstract

A new method for the determination of the Mixing layer Height (MH) by the DOAS
technique is proposed in this article. The MH can be retrieved by a combination of
active DOAS and passive DOAS observations of atmospheric trace gases; here we
focus on observations of NO,. Because our observations are sensitive to the vertical
distribution of trace gases, we refer to the retrieved layer height as an “effective trace
gas mixing height” (ETMH). By analyzing trace gas observations in Shanghai over one
year (1017 hourly means in 93 days in 2007), the retrieved ETMH was found to range
between 0.1 km and 2.8 km (average is 0.78 km); more than 90% of the measurements
yield an ETMH between 0.2 km and 2.0 km. The seasonal and diurnal variation of the
ETMH shows good agreement with mixing layer heights derived from meteorological
observations. We investigated the relationship of the derived ETMH to temperature and
wind speed and found correlation coefficients of 0.65 and 0.37, respectively. Also the
wind direction has an impact on the measurement to some extent. Especially in cases
when the air flow comes from highly polluted areas and the atmospheric lifetime of NO,
is long (e.g. in winter), the NO, concentration at high altitudes over the measurement
site can be enhanced, which leads to an overestimation of the ETMH. Enhanced NO,
concentrations in the free atmosphere and heterogeneity within the mixing layer can
cause additional uncertainties. Our method could be easily extended to other species
like e.g. SO,, HCHO or Glyoxal. Simultaneous studies of these molecules could yield
valuable information on their respective atmospheric lifetimes.

1 Introduction

Pollutants emitted into the atmospheric boundary layer are dispersed horizontally and
vertically through atmospheric turbulence and convection, and finally can become com-
pletely mixed over this layer that is widely known as “mixing layer”. Mixing height (MH)
has a close relation to meteorological conditions, and meanwhile is a key input pa-
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rameter to many air quality forecast models. MH determines the volume available for
the dispersion of pollutants, so it is of particular importance in the prediction models
of pollutants concentration. However, the MH is not a meteorological parameter that
can be directly measured, and moreover the determination and assessment of it is still
difficult.

There are two main approaches available for the estimation of MH. One is through
analyzing profiles of meteorological parameters, such as temperature, pressure, hu-
midity, and aerosol, and the profiles are attained with remote sensing techniques such
as Radiosoundings, tethered balloon, mast, doppler weather radar/wind profiler, Li-
dar, and Sodar. MH could also be retrieved by analyzing temperature and pressure
profiles from temperature and pressure sensors on commercial planes. Each method
has its own advantages and disadvantages, because they can not give attention to all
the aspects such as observing range, temporal and spatial resolution, measurement
precision, instrument and operation cost (Seibert et al., 2000).

The second approach makes use of models based on meteorological data. The
first method can provide high temporal and spatial resolution information on the MH.
Although widely used, the latter may entail uncertainties in the estimation of MH as
discussed by certain authors (He et al., 2006; Berman et al., 1997; Garcia, 2007).

In this study we introduce a new technique for the estimation of the MH, which is
directly related to the mixing processes of pollutants. The method is based on a com-
bination of active and passive differential optical absorption spectroscopy (DOAS) ob-
servations of NO, (also other trace gases could be used). Because our observations
are sensitive to the vertical distribution of trace gases, we refer to the retrieved layer
height as an “effective trace gas mixing height” (ETMH).

Since introduced in the 1970s (Perner and Platt, 1979; Noxon, 1975; Platt, 1994;
Evangelisti et al., 1995; Solomon et al., 1999), the DOAS method has been improved
rapidly and is mainly applied in atmospheric research. The DOAS technique is based
on the absorption of ultraviolet (UV) and visible light along specific light paths by atmo-
spheric molecules. Passive DOAS observations typically use the scattered sun light
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as light source, and vertically integrated trace gas concentrations are usually retrieved.
Recently, (Chen et al., 2009) introduced a detailed method for the determination of the
vertically integrated tropospheric NO, concentration from passive DOAS observations
of zenith scattered light. Active DOAS observations utilize artificial light sources, and
average surface concentrations of trace gases are retrieved.

The DOAS technique has been developed to measure many atmospheric trace
gases, such as O3, NO,, HONO, SO,, CS,, BrO, 10, OCIO and more than 30 kinds of
hydrocarbons (Febo et al., 1996; Vandaele et al., 2005; Honninger et al., 2002; Kour-
tidis et al., 2000; Bruns et al., 2006, Platt and Stutz, 2008). HONO, OH, NOg, BrO, CIO
in the troposphere and OCIO, BrO in the stratosphere were first measured by DOAS
method, the measurement precision substantial increased during recent years (Zhou
et al., 2002; Qi et al., 2002).

2 Method
2.1 Experimental

Determination of the ETMH based on the DOAS technique by combination of active
DOAS and passive DOAS could be educed by analyzing of the integrated NO, con-
centrations, respectively retrieved by active DOAS and passive DOAS. The principle of
active DOAS (LP-DOAS) and passive DOAS (Zenith DOAS) is shown in Fig. 1.

The light source of passive DOAS is the incoming solar irradiation. The receiving
telescope is directed at the zenith sky and receives scattered sun light. Since scat-
tered light passes through the whole atmosphere, this method provides information on
the total NO, column density. After subtracting the stratospheric NO, column density
and correcting for light path effects, the vertical column density (VCD, the vertically
integrated concentration) in the troposphere can be determined (Chen et al., 2009).
This method can be applied with good accuracy especially to observations in polluted
regions. An active DOAS instrument observes light from an artificial light source over
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a horizontal distance. Usually the light source is at the same location as the receiver
and a retro-reflector that is placed at certain distance, folds the beam back to trans-
mitting/receiving telescope. The light transfers a double distance between transmit-
ting/receiving telescope and retro-reflector, and thus active DOAS offers the possibility
to measure the integrated concentration of air pollutants in the lower atmosphere as
is presented in Fig. 1 (Platt et al., 1994, 2008; Noxon, 1975; Zhou et al., 2005). The
average trace gas concentration along the optical path can be derived by dividing the
integrated concentration by the length of the path.

2.2 Calculation of the effective trace gas mixing height

The basic assumption of our new technique for the determination of the ETMH is that
the NO, is completely mixed in mixing layer, and its profile along with altitude can be
approximated by that shown in Fig. 2.

For simplicity we then can assume that the NO, concentration is constant within
the MH and zero above. Then N p-poas retrieved from active DOAS and VCDgqyn
retrieved from passive DOAS are directly connected via the ETMH, which can be ob-
tained by the following formula:

VCDermn

ETMH = )
Nip-DoAS

(1)
The following example illustrates how to calculate the ETMH with this method. Figure 3
shows a comparison between results from active DOAS and passive DOAS; active
DOAS data has been converted into VCDgyry through multiplying by the ETMH. In
Fig. 3a, the ETMH is assumed as 0.3km. It is found that the result of active DOAS is
close to that from the passive DOAS at 8:00 and from 16:00 to 17:00. Thus we can
say that our observations are in agreement with an ETMH of 0.3km at these times.
Figure 3b, ¢ show similar comparisons for assumed ETMH of 0.6 km and 0.8 km, re-
spectively. Good agreement with the VCDgy1y is found for other periods of the day.
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The above analysis confirms our basic assumptions, and yields results for the diurnal
variation of the ETMH which are in general agreement with expectations.

It should be noted that instead of assuming a vertically constant trace gas concentra-
tion, a constant mixing ratio would be more realistic. However, for simplicity we chose
a constant concentration in this first study. Since the boundary layer is usually con-
fined to the lowest 1—-2 km, the resulting errors are small, and probably usually smaller
than other uncertainties. The method can in principle easily be extended using the
assumption of vertically constant mixing ratio.

3 Results

To reduce a possible cloud influence on the results of passive DOAS, only observations
for mainly cloud free conditions were selected. The selection was performed according
to the simultaneously observed O, absorptions (Chen et al., 2009).

Experiment is paused in July and August because of school vacation. As a result,
there are valid data for 93 days during the whole year. Table 1 shows the distribution
of measurement days in different months. According to weather condition and season,
the experiment is operated from 5:00 to 18:00 every day. In total 1017 data points
of hourly averages are obtained during that period. From the hourly averaged data
monthly averages (Figs. 4, 5) are calculated. Except the values in January, both the
seasonal and diurnal variation of the ETMH shows the expected dependence: low
values occur in winter and in the morning as well as high values in summer and at
noon and afternoon.

The high values in January are probably caused by the long lifetime of NO, in the tro-
posphere during winter. Under such conditions, local measurements can be strongly
influenced by emissions from distant sources. Since the method relies on the as-
sumption of rapid mixing of local emissions, measurement results retrieved under such
conditions have to be treated with care (for more details see Sect. 4.3).
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Due to limited space, it is impossible to illustrate every day’s data. We will systemat-
ically discuss them in the next section.

4 Discussion

Mixing layer height is governed by many factors and follows a systematic seasonal
variation. Meteorological parameters strongly affect the MH, especially surface tem-
perature, wind speed, and wind direction. In this section we investigate the correlation
between meteorological parameters and the ETMH.

4.1 Correlation between the ETMH and surface temperature

The variation of surface temperature controls the occurrence of atmospheric convec-
tion, so surface temperature changes have a strong effect on the MH. This relationship
is well demonstrated for the observations from 11 May 2007 (see Fig. 6). It is expected
that surface temperature should have the strongest effect in summer, when the solar
irradiation is strongest and days are longest in the northern hemisphere. This expec-
tation is broadly confirmed by the results shown in Table 2. The correlation coefficients
between the ETMH and surface temperatures are highest in autumn and summer and
smallest in winter and spring.

The monthly variation of the correlation coefficients between the ETMH and temper-
ature is also presented in Fig. 7. It's a box figure, each box represents each month,
where lower and higher boundaries are the 25 and 75 percentiles. The median value
and the mean concentrations are respectively the solid lines and hollow squares. The
low and high external lines represent the 90 and 10 percentiles while the maximum
and minimum values are marked with stars outside the boxes. This graph gives more
details of the data.

It can be seen in Fig. 7, that the range of means is between 0.4 and 0.84, the lowest
mean occurs in December, when the minimum is —0.818, much less than other data of
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this month. But if we pay attention to the median, it can be found that the range is only
from about 0.51 to 0.83. The lowest median appears in January, while, the highest is
in September (in January and December, the median is close to the lower boundaries
of the boxes). It should be mentioned that, because there are too little data in March,
June and October, no median is calculated in those months.

In January and February, the correlation between the ETMH and temperature is
a little bit lower than in other months. This might be related to the fact that in those
months, the temperature is lower compared with other months, so other meteorological
parameters, such as wind speed and wind direction may have a more dominant effect
on the ETMH than in other months.

Although in general surface temperature has a large impact on the mixing layer, other
factors play a leading role in some cases. Then the relationship between the ETMH
and temperature is low. For instance, the value is —0.818 on 2 December 2007, which
illuminates the ETMH variation is opposite to temperature, and other meteorological
factors are the dominant ones.

4.2 Correlation between the ETMH and surface wind speed

Wind Speed (WS) is found to be another important factor impacting the MH. Similar to
the correlation analysis between the ETMH and temperature, that of ETMH and WS is
calculated and analyzed. Table 3 show the results of the correlation retrieved between
both quantities. The correlation coefficients are highest for winter indicating that the
wind speed plays a dominant role in seasons with little solar irradiation.

The box graph of the correlation coefficients between ETMH and WS is also shown
in Fig. 8. We can see in this graph, that all the means are in the range of 0.22 and
0.54, much lower than those between ETMH and temperature. The median ranges
from 0.24 to 0.72, the maximum median occurs in April. The dynamic range is larger
than that between the ETMH and temperature, which indicates that in some cases,
wind can dominate the ETMH, but this does not happen frequently. This also can be
seen from the difference of maximum and minimum in each month.
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In contrast to the correlation between the ETMH and temperature, the correlation
between the ETMH and wind speed in the cold season is in general larger than in the
warm season. This indicates that in winter WS has a stronger effect on the ETMH than
in summer.

On the basis of the correlation analyses, different days can be classified with respect
to four situations: a) both temperature and WS show good correlation with the ETMH,
as for instance on 8 May, 29 November, 13 May; b) correlation of the ETMH with
temperature is high, but with WS is rather low, as for instance on 14 May, 9 November,
22 November. The occurrence of cases a) and b) are quite frequent; c) correlation
of the ETMH with WS is high, but with temperature is rather low, as for instance on
2 December. This case hardly appeared; d) Not only temperature but also WS is
irrelevant to the ETMH, as for example on 7 and 8 December. Also the probability
for case d) is very small. For these cases, other factors than temperature and WS,
for example wind Direction (WD), relative humidity (RH) and pressure (p), might play
a dominant role.

4.3 Influence of atmospheric lifetime on the determination of the ETMH

The proposed method to determine the ETMH depends on two major assumptions.
First, on the occurrence of an effective mixing of pollutants throughout the whole mixing
layer. Second, on the fact that the local conditions are not significantly affected by
pollutants from distant sources. The second point can become important especially
during winter time, because usually a) higher wind speeds appear and b) the NO,
lifetime becomes substantially longer. Under such conditions distant sources can have
a strong influence on our new method. To investigate these effects in more detail, we
selected the period from 6 to 10 January. Figure 9 describes the variation of the ETMH,
temperature, WS, RH and pressure from 6 to 10 January.

During the first part of the selected period unrealistically high ETMH were ob-
served. For these observations, temperature was low and wind speed rather high. We
also calculated back trajectories [http://www.ready.noaa.gov/hysplitarc-bin/trajfile.pl?
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metdata=GDAS1] (see Fig. 10) and found that for 6 to 8 January the air masses came
indeed from polluted sources.

In contrast, on 9 and 10 January, the air masses traversed the ocean before they
arrived over the measurement site (see Fig. 10). Thus they carried less pollution com-
pared to the period from 6 to 8 January. Together with the data on WS and WD we thus
can explain the reason why the ETMH of the first days is larger than on the following
days. The observations in January 2008 indicate a general limitation of our method,
which is most pronounced in winter. Under such conditions, the passive DOAS might
observe NO, at higher altitude, which is transported from distant sources but which
can not be observed by the active DOAS. This effect will lead to an overestimation of
the ETMH according to Eq. (1).

4.4 Comparison with other results

Yang et al. studied resent 15 years MH variation at 2:00, 8:00, 14:00 and 20:00 from
1990 to 2004 in Shanghai (Yang et al., 2006). In their study, daily MH were calculated
based on atmospheric stability and wind speed on the surface (10 m above ground)
according to the national standard (GB/T 13201~91) of China. Unfortunately, there
is no temporal overlap between their results and our observations. However, since
Yang'’s results are 15 years averages, they might well be representative for the seasonal
variation of the ETMH in Shanghai. In Table 4, we compare the ETMH at t 8:00 and
14:00 with their results (see also Fig. 4).

The ETMH derived from the DOAS observations is nearly 22% lower than the mean
MH at 8:00, but it is about 14% larger at 14:00. However, it should be noted that in
Yang'’s results also substantial differences are found for different years: the minimum of
the MH appeared in 1995 (0.57 km at 8:00 and 0.82 km at 14:00), while the maximum
appeared in 2004 (0.68 km and 0.91 km at 8:00 and 14:00, respectively).

Taking into account that the ETMH and MH are derived by two completely different
methods, the differences between both data sets are rather small.

Figure 11 shows the annually averaged daily variation of the ETMH from 7:00 to

1672

AMTD
2, 1663-1692, 2009

DOAS

B. Zhou et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.ready.noaa.gov/hysplitarc-bin/traj1file.pl?metdata=GDAS1
http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/2/1663/2009/amtd-2-1663-2009-print.pdf
http://www.atmos-meas-tech-discuss.net/2/1663/2009/amtd-2-1663-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.ready.noaa.gov/hysplitarc-bin/traj1file.pl?metdata=GDAS1
http://www.ready.noaa.gov/hysplitarc-bin/traj1file.pl?metdata=GDAS1

10

15

20

25

16:00 in 2007 (A). The maximum of the ETMH occurs is at 14:00. This is similar to the
results from Yang et al. (B).

5 Errors of the method

Errors of the ETMH derived from the combination of active DOAS and passive DOAS
origin from uncertainties of the assumed NO, vertical distribution profile and measure-
ment errors of the two instrument themselves.

As shown in Fig. 1, our method is based on the assumption of a specified vertical
profile; in our case a constant NO, concentration was assumed. Of course, the real
profile will in general differ from this assumed profile. An additional, but associated
error results from the fact that the passive DOAS detects NO, not only in the mixing
layer but also in the free troposphere. If considerable NO, exists in free troposphere,
it will be erroneously regarded as being in the mixing layer. Consequently, this effect
leads to an overestimation of the retrieved ETMH. Suppose that the NO, concentration
in the free troposphere is 2 of that in the mixing layer and that the free troposphere
is five times as high as the mixing layer. The resulting error of the retrieved ETMH
according to Eq. (3) would be 10%. As mentioned above, if temperature in winter is
low and wind comes from inland high-polluted areas, it will bring NO, to Shanghai, part
of it might be present at high altitudes in the free troposphere. This can lead to a strong
overestimation of the true ETMH (see Sect. 4.3).

If the concentration of NO, is small, measurement errors of the instruments them-
selves can become the dominating error source. The uncertainty of the passive DOAS
instrument is about >50% for NO, VCDs<0.5x10'® molec/cm®. That means that for
VCDgryh in that range or below, the uncertainties of the method becomes larger than
50%. Note, however, that in Shanghai, typical VCDgryy are by far larger and the re-
spective errors are smaller (Chen et al., 2009).

Similarly, also for low surface concentrations derived from the active DOAS, the un-
certainties of the ETMH increase, since this quantity appears in the denominator of
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Eqg. (1). This might become especially important if a systematic bias exists for the data
from the active DOAS. For low values of the analysed surface concentrations, even
small systematic biases can lead to strong systematic deviations of the derived ETMH.
This might be one potential reason for the rather high values of the ETMH in May (see
Fig. 5). In those months many observations of the active DOAS yielded rather small
surface concentrations of NO,.

In addition to vertical gradients of the NO, concentration within the mixing layer, also
horizontal gradients affect the retrieval. If, for example, an air mass with higher NO,
concentration emerges at low altitude over the measurement site, it will increase the
results of the active DOAS leading to an underestimation of the MH. However, since in
this study hourly averages are used, this effect should be rather small.

6 Conclusions

We introduced a new method for the determination of the mixing layer height by com-
bination of active DOAS and passive DOAS observations of NO,. In contrast to con-
ventional definitions of the mixing layer height, our method is sensitive to the vertical
distribution of trace gases; thus we refer to the retrieved layer height as an “effective
trace gas mixing height” (ETMH). Depending on the atmospheric lifetime and vertical
exchange, the ETMH could differ systematically from the meteorological mixing layer
height. However, for several applications, the ETMH might be a well suited quantity,
especially for studies with focus on the dispersion and transport of pollutants.

We analysed trace gas observations in Shanghai over one year (1017 hourly means
in 93 days in 2007), and found the ETMH to range between 0.1 km and 2.8 km (average
is 0.78 km); more than 90% of the measurements yield an ETMH between 0.2 km and
2.0km. The seasonal and diurnal variation of the ETMH shows good agreement with
mixing layer heights derived from meteorological observations (Yang et al., 2006).

Finally, we investigated the relationship of the derived ETMH to temperature and
wind speed and found correlation coefficients of 0.65 and 0.37, respectively. Also the
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wind direction has an impact on the measurement to some extent. Especially in cases
when the air flow comes from highly polluted areas and the atmospheric lifetime of NO,
is long (e.g. in winter), the NO, concentration at high altitudes over the measurement
site can be enhanced, which leads to an overestimation of the ETMH. Enhanced NO,
concentrations in the free atmosphere and heterogeneity within the mixing layer can
cause additional uncertainties.

Our method could be easily extended to other species like e.g. SO,, HCHO or Gly-
oxal. Simultaneous studies of these molecules could yield valuable information on their
respective atmospheric lifetimes.
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Fig. 1. Scheme of passive DOAS and active DOAS. From passive zenith sky observations, the
tropospheric vertical column density is determined. From active long path observations, the
average surface-near concentration is derived.
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Fig. 2. Schematic tropospheric profile of NO, with constant concentration within the MH and
zero above.
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Fig. 4. (A) Monthly average ETMH in 2007. The error bars indicate the standard variation.
Note that the high values in January overestimate the true values because of the long lifetime
of tropospheric NO, in winter (see Sect. 4.3). (B) Monthly average MH derived from meteoro-
logical data (Yang et al., 2006). Note that Yang’s data include MH data at 2:00 and 20:00. Thus
values systematically lower than ours should be expected.
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The ETMH on 6, 7, 8 January is obviously higher than on 9 and 10 January, and even the lowest
values exceed 0.88 km. This phenomenon conflicts with the expectation that both the MH and
its variation is low in winter.
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Fig. 11. Annually averaged daily variation of the ETMH in 2007 (A) and 15 years MH variation
at 2:00, 8:00, 14:00 and 20:00 from 1990 to 2004 in Shanghai (B).
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