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Abstract—The ability of the ground-based microwave temperature profiler to retrieve the lapse rates in
the lower part of the atmospheric boundary layer is verified by analyzing the long-term observation se-
ries. It is demonstrated that if the stratification of the whole boundary layer is either unstable or suffi-
ciently homogeneous, measured and retrieved with a mast lapse rates are quite similar. If the stratifica-
tion is stable, the retrieval algorithms require correction. Demonstrated is the potential for the more ac-
curate retrieving of the temperature gradient over the surface layer by means of the angular scanning.
This enables using the data of temperature profilers for estimating the boundary layer stability and the
Monin—Obukhov scale.
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1. INTRODUCTION

Recent decades are notable for the wide spread of high-tech instruments for remote measurements based
on the physical principles which have not been used in meteorology before. Certainly, each new instrument
is calibrated and compared with traditional measurements; however, the meteorological parameters charac-
terized by high spatial and temporal variability and measured by different methods may not correspond to
each other in the spatial and temporal averaging and in the sensitivity and dynamic range. The random
variability of meteorological characteristics in the atmospheric boundary layer (ABL) is the well-known
phenomenon that attracts the attention of the hundreds of researchers of atmospheric turbulence [16];
however, this natural random variability is not always taken into account when comparing the traditional
and new methods of measurements. New instruments which also have the indirect measurement principle
can contain the large absolute but small differential error and, hence, need permanent routine calibration.
The calibration carried out in the laboratory or ideal environment (over the plane surface in summer) may
not correspond to the regime of routine measurements or to the conditions of a special experiment.

The present paper analyzes the potential of the MTP-5 scanning temperature profiler which is rather
widely used at the network of meteorological observations in Russia [2, 4, 5, 9]. The calibration of such
high-tech instruments is the compulsory condition for their operation at meteorological stations; however,
such calibration sometimes uses not meteorological but radio-engineering criteria (frequency, pass band,
and sensitivity). Producers strive for keeping within the rather tough framework of manuals for
meteorological measurements; however, these manuals were issued rather long time ago and are not
focused on new measurement methods and the instrument potential. The paradoxical situation arises when
a new instrument can measure characteristics not standardized in meteorological regulations; however, the
accuracy of these measurements cannot be assessed using the rated criterion. The producers of high-tech
equipment are interested in the stressing of the advantages of their instruments; however, when comparing
the measurements by different methods and revealing systematic errors, the reason for these errors is not
always obvious if the measurement instrument is considered as “the black box.” Meteorologists often
believe that traditional measurement methods are more accurate than new ones and do not take into account
the difference in measurement principles. Under conditions of pronounced turbulent variability in the ABL
new instruments can often measure the characteristics not measured by traditional equipment.

The objective of the present paper is to demonstrate the accuracy of the temperature gradient retrieval
with profilers, to outline the ways of increasing this accuracy, and to assess how the accuracy of temperature
gradient retrieval can be connected with the spatial resolution of temperature profilers. The data of long-term
routine measurements with the MTP-5 temperature profiler are compared with the data of parallel contact
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measurements at the meteorological mast. The accuracy of the measurement of lapse rates in the lower part
of the ABL by the profiler is estimated. The characteristics of the variability of the gradients measured with
profilers of different spatial resolution are compared. The method is proposed for estimating the thermal
instability in the lower part of the ABL, the Richardson balance number, and Monin—Obukhov scale [6].

2. MEASUREMENT PRINCIPLE AND THE EXPERIENCE OF CALIBRATION
OF MICROWAVE PROFILERS

Temperature profilers such as MTP-5 [28] are the scanning VHF receivers of atmospheric self-radiation
in the frequency band of ~60 GHz (5 mm) [8, 25]. The intensity of the received signal at the input of the re-
ceiving antenna in absorption and emission lines of oxygen molecules depends on the temperature and den-
sity of the medium at the typical absorption scale. In the case of the sensing from the ground this scale is
~300 m. If temperature varies with height at this scale, then, additionally assuming the horizontal homoge-
neity of the temperature field, one can solve the inverse problem of the retrieving of averaged temperature
profiles [7].

In the present paper, the accuracy is studied of the retrieval of temperature profiles at the reception of ra-
diation only in the center of this wide absorption band. The reception in the central part of the band is easier
from the point of view of technical realization and has higher sensitivity to small variations of temperature
[18,25]. The sensing on the “wings” of the band of 60 GHz and in other frequency bands enables one to re-
trieve the temperature profile up to the height of several kilometers as well as the humidity profile and inte-
gral content of water vapor and liquid water in the clouds [21, 26]. Physical principles of the operation of
microwave profilers are well known to radio physicists; however, a number of important questions arise at
using such instrument in meteorological practice; the present research focuses on their study.

The conclusions made in the present paper are based on the long-term (2008—2012) round-the-clock and
year-round measurements of temperature profiles in the urban environment (Moscow, MSU, the
Vorob’ovy Hills) and in the country, at Zvenigorod scientific station of the Obukhov Institute of Atmo-
spheric Physics of the Russian Academy of Sciences (ZSS IAP RAS) as well as in the Central Aerological
Observatory (CAO). Temperature profiles in the ABL were retrieved up to the height of 600 m using the
MTP-5 temperature profiler. The data of these measurements were published in [3, 20]. Synchronous con-
tact measurements of temperature with ultrasonic anemometers (USA-1, METEK GmbH [29]) were carried
out at two levels (6 and 56 m) in the country and at the height of 50 m above the ground and 20 m above the
mean roof level (over the building of the MSU Department of Physics) in the urban environment.

Unlike the rather short periods of the intensive comparison with the data of measurements at high-alti-
tude masts such as in Obninsk [1], Boulder [27], or Lindenberg [14], the long-term continuous measure-
ments enable one to study how the accuracy of temperature gradient retrieval varies in different seasons at
different diurnal amplitude of surface gradients. Such routine automatic measurements at meteorological
masts can be recommended for the routine calibration as well as for the adaptation of algorithms of temper-
ature profile retrieval to the concrete measurement point.

The experience of calibration of temperature profilers [14, 18, 24, 27] demonstrates that the deviation of
retrieved temperature profiles in the case of the comparison with the data of upper-air sounding is 0.6—1°C
(the standard deviation) and depends little on the height (before 1000 m). The comparison of retrieved tem-
perature profiles with the measurements at the masts is also a traditional method of calibration of these in-
struments. Such comparisons demonstrate that the error of temperature profile retrieval in the ABL is close
to homogeneous (before 300 m) and amounts to about 1°C [1, 14, 27]. More optimistic estimates demon-
strate that the accuracy of the temperature profile retrieval in the lower part of the ABL (before 100 m) is
equal to 0.3°C [15] and less; more cautious researchers keep to the estimate based on the standard deviation
(rms) equal to 1°C and more [14, 27]. The estimates of errors vary depending on the duration, time, and
place of comparison and depending on the used retrieval algorithms. Significant differences in the esti-
mates of errors can also be associated with the constant enhancement of the technology of remote measure-
ment of temperature: using the narrower directional pattern [17] and several sounding frequencies [23] and
with the improvement of the algorithms of retrieval using attendant upper-air data [24].

Some comparisons carried out under the most inconvenient conditions for the temperature profile re-
trieval, demonstrate differences between local measurements and retrieved values of temperature equal to
2°C and more [11]. For example, such differences can be formed in raised inversions or at the mixing of dif-
ferent air masses (in the case of breezes). Such error is absolutely unacceptable for the comparison of mea-
surements at close points, for example, for the assessment of the intensity of urban heat island and its verti-
cal extent. In this case, a new way to increase the accuracy of the comparison of close measurements should
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Fig. 1. An example of the comparison of temperature from the data of local and remote measurements at the zero level
in Moscow on November 1-9,2010. The parameters of linear regression y = ax + b are the following: ¢ =0.928 £ 0.001,
b =1.137 £ 0.006. Standard deviation (rms) is 0.16°C.

be sought. Brightness temperature has the initial maximum accuracy for temperature radiometers; there-
fore, the comparison of this indirect integral characteristic measured, for example, “at zenith” or “at hori-
zon” at close points is more accurate than the comparison of retrieved values of temperature.

As the research demonstrated, the use of attendant measurements at the masts (even not high ones)
enables one to achieve much higher accuracy by means of introducing the correction coefficients, i.e.,
taking account of the systematic error. In Fig. 1, an example is presented of the comparison of local acoustic
and remote averaged measurements of temperature at the zero level (the level of instrument installation).
The mutual linear regression enables achieving the root-mean-square error of measurements with the
temperature profiler equal to 0.16°C. It should be noted that this comparison was carried out in the urban
environment being notable for the pronounced spatial variability of temperature. Even in this case, the
accuracy of measurements can be much higher than the rated one. Correction coefficients reveal the
significant deviation of the regression line from the single line and characterize the systematic
measurement error as well as its variations. It should be noted that such linear regression is not a fitting. The
need in the correction is defined by the fact that the temperature profilers measure radiation temperature in
the lower layer of 50 m even in the case of the sounding in the horizontal direction whereas the vertical
variations of temperature in this lower layer of 10-50 m are more significant, especially in the case of the
stable stratification [16].

The analysis demonstrated that if some instrumental components of the error of both acoustic anemome-
ters and temperature profilers are not taken into account, this can really result in differences exceeding 2°C
and more: acoustic anemometers used for the comparison have the considerable constant systematic error
which varies at the switching-on of the heating of sensors during the cold season. The control sensor of the
profiler can be overheated in hot weather if the instrument is installed on the roof of the building and venti-
lation is insufficient. The overheating of the body of a meteorological mast results in additional errors in
mast sensor measurements. In the case of measurements in the urban environment, the local features of the
measurement point with the spatial scale of less than 300 m gain in high importance. Therefore, the intro-
duction of correction coefficients enables one to take into account indirectly the factors which can hardly be
foreseen during the development of the instrument. The regular comparison of the instruments taking part
in long-term routine measurements in their location and in the mode of their use is an essential condition of
the increase in the accuracy of such measurements.

3. TEMPERATURE GRADIENTS IN THE LOWER PART OF ABL

Although the closeness of compared values of temperature is the basic criterion for assessing the accu-
racy of the profiler, the important meteorological characteristic of the ABL is the parameter of temperature
stratification, the lapse rate. The temperature stratification in the boundary layer can change rather quickly
both with height and time; therefore, the upper-air radio sounding (twice a day) does not seem to be an ac-
ceptable instrument for the continuous monitoring of the boundary layer. The measurement of temperature
stratification in the ABL in “the dead area” of upper-air radio sounding but above the surface layer of con-
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stant flows where the analytic formulae of the Monin—Obukhov similarity theory are not already true, is the
main objective and the basic advantage of the use of temperature profilers. The continuous monitoring is
needed for estimating the accuracy of parameterization of the turbulent transfer of momentum and heat in
numerical models and for assessing air pollution over the cities. In some technical problems, for example,
for providing aircraft landing safety, such monitoring has no competitors. Therefore, the comparison of
measurements of lapse rates and their variability with height is the major element of calibration of tempera-
ture profilers. It is well known that the aperture of the receiving antenna defines the area for which the mea-
sured brightness temperature is averaged. This averaging scale defines to a significant degree the typical
scale of vertical temperature inhomogeneities which can be retrieved with the microwave profiler. Such
typical averaging scale for MTP-5 selected by the producer is 50 m. Therefore, temperature profiles of this
type are not able to measure the logarithmic profile of temperature in the surface layer or to register thin in-
version layers with significant lapse rates frequently observed using captive balloons [13] or sodars (acous-
tic radars) [12].

Up to now the algorithms of temperature profile retrieval have been mainly focused on achieving the
homogeneous minimum of absolute errors of retrieval of temperature but not of its gradients because this
characteristic is present in meteorological manuals. Besides, stability requirements for solving the inverse
problem of temperature profile retrieving make them smoother, and this does not always correspond to the
real profile. Thus, profilers rather retrieve the most probable vertical distribution of temperature than the
actual one.

The accuracy of temperature measurement equal to 0.5°C is sufficient for classic meteorological prob-
lems whereas this error should be divided into the systematic (along the vertical) and random components
for assessing thermal stratification that affects the turbulence in the ABL and defines the transfer of heat,
momentum, and pollutants to the free atmosphere. For example, if the error is random, the formal asses-
sment of the accuracy of temperature measurement equal to 0.7°C at the distance between the adjacent
measurement levels equal to 50 m results in the estimate of the root-mean-square error of lapse rates equal
to 1°C/50 m or 2°C/100 m that is absolutely inadmissible for meteorological problems as it exceeds the
difference between the isothermal and adiabatic stratification by twice.

Infrequent launches of radiosondes do not enable studying to a sufficient degree the dependence of lapse
rate retrieval error on the diurnal course of stratification. Besides, radiosondes have the significant random
error in the lower part of the ABL (to 2-3°C (see [22])) associated with the fact that the radiosonde
measurements are carried out instantly when flying by the corresponding height mark whereas the
profiler retrieves spatially averaged and smoothed profiles according to the used algorithm.

The comparison of lapse rates measured by the profiler with the continuous series of contact measure-
ments at two levels gives the detailed behavior pattern of measurement errors. Figure 2a provides the exam-
ple of the comparison of lapse rates during several days in summer in the case of anticyclonic weather with
the daytime convection and nocturnal cooling. It is clearly observed that in the daytime lapse rates in the
lower part of the ABL are determined by the temperature profiler quite satisfactorily. At the presence of
cloudiness at night (June 20), the lapse rate measured by acoustic anemometers is simulated by the temper-
ature profiler with sufficient accuracy. However, in the case of fair weather, radiation cooling, and stable
stratification in the lower part of the ABL (at positive lapse rates of more than 1°C/100 m), the estimates of
lapse rates based on the data of contact measurements and the profiler differ considerably.

This example also agrees with other in situ comparisons at meteorological masts which demonstrate the
systematic underestimation of lapse rates at stable stratification [14]. The errors of temperature profile ret-
rieval at stable stratification are well known to the developers [25] because they proceed from the
measurement principle. The revealed systematic error may depend on the used algorithm of temperature
profile retrieval and measurement strategy. However, there is no research giving the accuracy charac-
teristics of the estimation of lapse rates. Some examples of the comparison of temperature gradients based
on measurements at meteorological masts do not provide the complete picture so far.

Can the diagnosis of the stably stratified ABL be improved using the scanning profiler measurements?
The direct comparisons of the difference in brightness temperature measured at the angles of 1° and 3° to
the horizon answer this question. In Fig. 2b, the comparison is presented of temporal variations of this
difference reduced (using the linear regression) to the temperature difference at the height of 6 and 56 m. It
is clear that this difference correlates well with positive lapse rates in the lower part of the ABL according
to contact measurements. The difference in brightness temperature in the case of sounding at small angles is
not certainly an accurate characteristic of the lapse rate in the surface layer; however, the high degree of
their correlation indicates that the temperature profiler not only can measure average temperature in the
lower 50-m layer but can also give the more accurate estimate of its thermal stratification.
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Fig. 2. An example of the comparison of (a) temperature gradients AT (the difference between measurements at the heights
0 m and 50 m) in the lower part of the ABL as derived from (/) differential contact and (2) remote measurements and (b)
(3) difference in the temperature measured at the mast and (4) difference in brightness temperature measured by the profiler at
small elevation angles of 1° and 3°. Countryside, June 20-25,2010 (ZSS IAP RAS). The difference in brightness temperature
is reduced to the difference in local measurements (°C/50 m) using linear regression.

This stratification can also be expressed through the dimensionless criterion (¢ ,/g)(0T /az)\ ._, ifdiffer-
ence in the values of brightness temperature measured at the angles of 1° and 3° and reduced to the
difference in the values of temperature between the standard height of 2 m and the height of 100 m, is taken
as the measure of the temperature gradient near the surface but above the surface layer (where the laws of
the similarity theory are true). As known, the linear approximation of the temperature profile above the
surface layer at stable stratification corresponds to the Monin—Obukhov theory. At unstable and quasine-
utral stratification, this estimate corresponds to the observed difference in the values of temperature, i.e.,
characterizes the temperature jump across the surface layer of constant flows. It should be noted that the use
of the Monin— Obukhov theory above the surface layer is hampered significantly (for example, see [10]).

Using this stratification balance criterion, the Richardson number can also be assessed if, besides ther-

mal stratification, the wind speed is measured at the special mast or at the meteorological station (at the
height of 10 m):

2
HIO
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where Uy is the average wind speed at the height of 10 m (H,¢). Although this balance estimate character-
izes the turbulent mixing in the ABL qualitatively only, it enables assessing the relationship between the
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Fig. 3. Examples of (a) vertical variations of (/) the mean lapse rate AT and (2) its standard deviation (rms) according to the
measurements of the MTP-5 profiler in June 2010 (ZSS IAP RAS) and (b) comparison of the standard deviation of the lapse
rate from February 12 to March 12, 2010 according to the measurements of two remote sensing instruments with different
ranges of measurement height: (3) MTP-5 (ZSS IAP RAS) and (4) MTP-5HE (Dolgoprudny).

heat flux in the lower part of the ABL and mechanic mixing. Using this simple characteristic, it is possible,
for example, to compare the model computations with in situ observations. The similar index-based estima-
tion is also possible for the Monin—Obukhov scale:

L
H
LMO:(ale ~Ulzo £ log
Oz T, oz

with the accuracy up to the certain empirical constant.

z=0

4. VARIABILITY OF LAPSE RATES AND ERRORS OF TEMPERATURE
PROFILE RETRIEVAL

The systematic error of temperature profile retrieval is not constant along the vertical and depends on
synoptic conditions and, for example, on the time of the day. The estimation of correlation between the
errors of temperature measurement at different levels could be the consistent statistical approach; however,
such data have not been given in the papers dealing with the calibration of microwave profilers. Since
comparisons with measurements at large heights were not carried out in the present research, the natural
variability of lapse rates was analyzed using the data of remote measurements. The synoptic variations of
lapse rates for the long observation period were computed. One summer month was taken as the test period.
At the same time, the stratification of the ABL (especially in the lower part) at the mid-latitudes of Russia
varies more significantly. Lapse rates were computed between adjacent levels with the step of 50 m. In
Fig. 3a, the profiles are demonstrated of the mean values of lapse rates and their variations in June 2010. It
is clear that the spread in the values of lapse rates above 300 m becomes small that can indicate the errors of
lapse rate retrieval at large height.

The variations of temperature at rather large height (above 200 m) cause small contribution to the varia-
tions of brightness temperature at the input of the receiving antenna of MTP-5. Although this signal ex-
ceeds the sensitivity threshold of the instrument, it can also be compared with the natural random variability
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at the antenna input, namely, the heating of the instrument body or external control sensor; the variations in
the band of solar spectrum at the cloudiness variability; the temporal nonstationarity and spatial
inhomogeneity of the temperature field, etc. Since the algorithms of temperature profile retrieval should
take account of all this noise, the retrieved profiles are characterized by the high degree of smoothness.
Rapid variations of thermal stratification at the height of hundreds of meters observed and registered by
radiosondes, captive balloons, and sodars (using the variations of turbulence intensity) are considered at the
profiler input as random variations and are filtered by the retrieval algorithm (see [14], Fig. 6).

The comparison between the variances of lapse rates at the large height measured by the profilers of two
“generations” revealed the same. In Fig. 3b, the computation is presented of the profiles of variance of lapse
rates for two profilers: MTP-5 with the sounding height of 600 m and MTP-5HE with the sounding height
up to 1000 m. These measurements were carried out synchronously at the IAP RAS Zvenigorod scientific sta-
tion (Zvenigorod) and Roshydromet CAO (Dolgoprudny). The distance between the measurement points is
less than 100 km. The similar monthly mean variability of lapse rates could be expected above 300 m.
However, the profile of variations of lapse rates in these synoptically close points differs considerably if
instruments with different modifications are used.

So significant differences can be explained through the understanding of the atmospheric stratification
structure. For example, in the case of the unstable stratification of the ABL, the gradients of potential tem-
perature within the convective mixing layer are very low [19]. However, this convective mixing layer
shields the more stable inversion layer with small thickness. This layer can be situated at different heights
depending on the convection intensity. The height of this layer is the key (steering) parameter of the con-
vective boundary layer but it also goes beyond the boundary of the upper range of measurements of a
temperature profiler [16]. Therefore, the profiler actually measures not real but the most expected or most
probable temperature gradient at the upper boundary.

In view of this, the question arises: should the reference points of temperature profile retrieval be lo-
cated evenly? The accumulated experience of measurements demonstrates that it is reasonable to take the
height range between the retrieval points proportional to ad7/c ,,, where 87 is the error of temperature re-
trieval; o is the coefficient defining the ratio of the random error to the total one; 6 ,, is the characteristic of
the natural variability of vertical gradients of temperature 7. (standard deviation). The key points of temper-
ature profile retrieval for MTP-5 can be defined as 400, 200, 100, 50, and 0 m. Then, the difference in the
retrieved values of temperature in the upper part of the ABL, between 200 and 400 m, will demonstrate si-
multaneously the mean lapse rate in this layer. The error of the retrieval of this lapse rate will be about
1°C/200 m. In other words, the sensitivity of the profiler to temperature variations at large height should be
agreed with the natural variability of lapse rates which dictates reasonable requirements to their measure-
ment.

5. CONCLUSIONS

MTP-5 temperature profilers have the potential that goes far beyond the rated estimates. However, the
use of these opportunities requires the understanding of physical principles of the instrument operation.

Firstly, the absolute error of temperature retrieval can be significantly reduced as a result of the combi-
nation of remote and control contact measurements above the surface layer. Measurements at meteorologi-
cal masts make this possible. The use of the simple linear regression enables taking account of systematic
errors associated with the measurement principle, significant averaging scale of a temperature profiler, and
inhomogeneity of underlying surface at the measurement point.

Secondly, the temperature profiler enables measuring the effective index of stratification in the ABL
(c,/gXoT /82)‘ at the conventional boundary of the surface layer of constant flows or the logarithmic
temperature Jump in the surface layer. This dimensionless parameter can also be used for verifying the
model forecasts. The synchronous measurement of the wind speed at the observation point also enables as-
sessing the Monin—Obukhov scale.

Thirdly, the errors of lapse rate retrieval in the upper part of the ABL need the agreement between the
profiler sensitivity and discreteness of retrieval levels. The great number of height levels does not automati-
cally mean the higher accuracy of lapse rate measurement. The smaller number of retrieval levels can make
the estimation of average lapse rates in the upper part of the ABL more reliable. Such approach is similar to
the certain degree to the use of the finite element method, when the retrieved temperature in each height
range is characterized by two independent parameters: the average value and the lapse rate.

The indubitable advantages of new high-tech instruments for meteorological measurements include the
continuity of measurements (such measurements can be carried out for years) and high mobility in the case
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of special measurements (expeditions). At the same time, the development of new modifications of such in-
struments needs the regular calibration of these measurements in order to keep the continuous series being
homogeneous.
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