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A single scattering radiative transfer model has been
developed to calculate the air mass factors (AMFs) of
NO; and Oj; for scattered light observations. The di-
rect and scattered intensities reaching the ground
have been calculated using this model, which are util-
ized for computation of AMFSs of these species. AMFs
have been used to derive the total column densities
(TCDs) from slant column densities (SCDs). Daily in-
tensity data obtained by spectroscopic observations
made at Pune (18°32'N, 73°51’E) during May 2000-
May 2001 are used for the computation of SCDs of
NO, and O; by differential optical absorption spec-
troscopy (DOAS) technique. NO,, O;, H;O and O,
have characteristic absorption features in the visible
range 462-498 nm. These features have been used in
the DOAS technique. The percentage differential op-
tical depths (DODs) of NO,, O3, H,O and O4 have been
computed. The TCD of O; has also been derived by
other methods. They are in good agreement with Dob-
son spectrophotometer observations. Here, the daily
and seasonal variations in TCDs of NO,; and O; at
Pune for the above period are discussed.

BEGINNING with the pioneering work of Brewer er al.'
and Noxon’, observations of scattered visible light from
the zenith sky have been used to obtain the slant column
density (SCD) of stratospheric NO,. Twilight geometry
enhances the path of the sunlight in the stratosphere,
allowing more sensitivity to stratospheric absorbers.
SCDs of trace constituents are deduced from the spectra
by differential absorption spectroscopy. The instrument
used here is an automatic spectrometer operated in spec-
tral band 462—498 nm with resolution (1.3 nm) and pho-
tomultiplier tube (PMT) as detector. The spectrometer is
set to measure intensity absorptions of O; and NO, twice
a day during twilight. Spectra are recorded every 2 min
during twilight up to 92° solar zenith angle (SZA). These
spectra are analysed by differential optical absorption
spectroscopy (DOAS) relative to a reference spectrum
taken at low SZA. It is possible to retrieve a large num-
ber of trace species simultaneously in UV-visible region
using DOAS technique’’. Daily/seasonal variations in
total column density (TCD) of NO, and O; have been
studied using spectroscopic observations by several
workers” %1,
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The air mass factor (AMF) of the absorbing species is
defined as the ratio of the SCD of the absorber to its ver-
tical column density. Calculations of AMFs have been
made using single scattering radiative transfer model'*".
This approach assumes that each photon entering the de-
tector is scattered only once before it enters the detector
from the zenith direction. The attenuation due to absorp-
tion and scattering is calculated along paths through the
modelled twilight spherical shell atmosphere for each al-
titude interval, and the intensity-weighted average path
through an absorber having a particular altitude profile is
subsequently computed.

A visible spectrometer, which observes the zenith sky,
provides the simplest method for routine calculation of
the SCDs of NO,, O3, H,O and O,. Observations of the
sunlight scattered from the zenith sky, can be made in
any weather. We use mercury spectra and Fraunhofer
lines in the reference spectrum for wavelength calibra-
tion. Atmospheric gases absorb radiation at characteristic
wavelength. The efficiency with which a given gas
absorbs radiation is expressed by the absorption cross-
section, which is a function of wavelength. The absorp-
tion cross-sections of NO,, O3, H,O and O, are shown in
Figure 1. At wavelengths where the absorption cross-
section is small, we can expect solar radiation to reach
the ground with little attenuation, while at wavelengths
where the absorption cross-section is large, absorption
occurs fairly high in the atmosphere. The wavelength
ranges were chosen to minimize the spectral overlap be-
tween different absorbers, in particular, to avoid spectral
interference with the H,O absorption at 448 nm (ref. 16).
Differential rather than absolute cross-sections are used
in the analysis procedure. The differential cross-sections
represent the departures of the cross sections from a
mean of zero over the spectral interval of interest'’. The
intensity observations taken during morning and evening
hours for 75-92° SZA are used to find the abundance of
NO,, O3, H,O and O, using Lambert—Beer’s law. SCDs
are obtained by matrix inversion technique. Details of the
observational technique, method of analysis and compu-
tational procedure adopted for retrieving TCD of NO,
and O; are discussed. Comparison of TCDs of O3 has
been made with those obtained by different methods and
daily morning/evening variation in NO, and O; are dis-
cussed. Seasonal variation of these species is studied dur-
ing the year 2000-01.
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Figure 1.

Methodology
Computations of AMF

The vertical and slant column densities of an atmospheric
chemical species are related by

S=8*V, (0

where S is the slant column density (determined from
scattered light absorption measurements) of an absorbing
species, V is the vertical column density or TCD of the
absorbing species, and 8 is the AMF or enhancement in
optical path through the absorbing layer.

The optical path enhancement for an atmosphere con-
taining an absorbing layer may be obtained by the Lam-
bert—Beer’s law:

I = Iyexp(—o vd), (2

where 7 and [; are the attenuated and incident intensities
received by the detector with and without the presence of
the absorber, respectively, ¢ is the cross-section for ex-
tinction due to such processes as absorption and scatter-
ing by molecules, v is the density of the absorber or
scatter. The intensities in eq. (2) are calculated using a
radiative transfer model, wherein a particular absorber is
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Absorption cross-sections of NO;, O3, H,O and Oy in the spectral region 462498 nm.

introduced to calculate /, and removed to calculate ,. If
the intensity, absorption cross-section and absorber num-
ber density are known, then eq. (2) may be inverted for
the average enhancement in optical path length or AMF:

8 = —In(I/Io)/o v. 3)

Absorption by O; and NO, is considered in the radiative
transfer models used here, together with Rayleigh scatter-
ing and atmospheric number density (air density). O; and
NO, profiles are assumed to follow Gaussian distribution.
The model spherical shell atmosphere is divided into 50
spherical shells of 1 km thickness for the calculation of
AMF. The relevant geometry is depicted in Figure 2. Let
us consider the case of single scattering. The contribution
to the intensity of scattered radiation by an infinitesi-
mally thin layer at altitude z is given by,

Isc,z = Id(z)GR Vair(z)Axa (4)

where I, is the intensity of scattered radiation at layer z,
Iy is the intensity of direct flux at altitude z, v, (2) is the
atmospheric number density (air density) at altitude z
from Handbook of Geophysics'®, oy is the cross-section
for Rayleigh scattering and Ax is the distance over which
absorption takes place or the optical path. Proper calcula-
tion of Ax is critical, not only due to the absorption of
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Figure 2.
b=Re+z+Az, O =sin"'[gsINY], AX = [a* + b —2ab cos() — 0)]°%; b, For £, 290°,a =Re +z + Az, b = Re + 2,
o =sin"'[¢siny], B =y — (180 — @), AX = [a* + b* — 2ab cos B]**.

radiation by NO, and Os, but also due to the evaluation
of the attenuation of incoming solar flux. If the atmos-
phere is optically thin at the wavelength considered, then
all factors except v,(z) in eq. (4) are independent of
height, and it follows that the scattered flux varies with
altitude as the air density (i.e. exponentially decreasing
with increasing altitude). Under these circumstances,
most of the singly-scattered photons measured by an up-
ward-looking spectrometer would have been scattered in
the lowest few kilometres of the atmosphere. However,
for photons at large SZA (greater than about 85°), the
atmosphere is far from being optically thin. This is due to
the attenuation of solar radiation by Rayleigh scattering,
NO, and O3 absorption, so that the direct flux reaching at
a particular altitude is reduced according to

Ly = 1o exp[~(Or[Vair(2) + Guo2[Vuoa(2)
+ Gu3[ves(z))Ax]. (5)

In eq. (5) Iy, the flux at the top of the atmosphere is con-
sidered as 1. The integration of air, NO, and O; density
profiles are taken from altitude z to 50 km. G,,; and Gy
are NO, and Oj; absorption cross-sections. v,.»(z) and
vo3(z) are NO;, and O; density profiles. The maxima of
NO, and O; density profiles are assumed at 15, 20, 25
and 30 km altitude separately. As such, the intensity var-
ies according to the atmospheric density profile, NO,
absorption, O3 absorption and strongly with wavelength,
since the Rayleigh scattering cross-section varies as the
inverse of the wavelength to the fourth power, i.e. (1/A%).
Combining eqs (4) and (5), we obtain the intensity of
scattered radiation for any assumed infinitely thin layer:

Isc,z = GRVair(Z)IOeXp[_(GRJVair(Z) + 6n02jvn02(z)
+ Gafvos(2)Ax]. (6)

Here, the direct and scattered intensities are calculated up
to the ground. The direct and scattered fluxes are calcu-
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Tangent

Twilight geometry for direct and scattered radiation and path lengths. @, For 3 <90°, a =Rg +z,

lated with and without O5 absorption by using eqs (5) and
(6), and AMFs are obtained using eq. (3). The same pro-
cedure is applied for calculations of NO, AMFs. The
change in atmospheric densities with height has nonlinear
effects on the scattered flux and there will be some height
z at which maximum scattered intensity occurs. At large
SZA, increases in the optical path inhibit the propagation
of solar radiation to low altitude, but the radiation that
does arrive there will be more strongly scattered. Thus,
there will be some altitude z from which most of the
radiation reaching the surface is scattered and this will
depend upon the path length Ax (which depends upon
SZA) and air density profile.

Figure 3 a shows the calculated incoming direct flux as
a function of altitude for 479 nm wavelength (middle
wavelength of the spectral range 462—498 nm) radiations
and for various SZAs. Note that there is strong attenua-
tion at low altitude and high SZA. Direct flux at 92, 93
and 94° SZA reaches the altitude at 4, 9 and 16 km,
respectively. Figure 3 b presents the calculated scattered
flux that reaches the surface as a function of the height at
which scattering occurs. An upward-looking spectrome-
ter receives light which is a composite of fluxes scattered
at all heights, but it is clear from Figure 3 b that certain
altitudes provide the dominant source of sky brightness at
any particular SZA.

Measurements and data

The measurement technique, which is called differential
optical absorption spectroscopy, is used for highly struc-
tured NO, and O; absorptions in 462—-498 nm range. At
twilight, the observed scattered sunlight passes through a
long slant path, which enhances the absorptions. The
observations are carried out from 75° to 92° SZA. The ref-
erence spectra at 38.4° SZA and the observed spectra at
90° SZA (Figure 4) are used to derive the percentage dif-
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Figure 4. Observed zenith sky absorption spectra.

ferential optical depth (DOD). The observation schedule
of the spectrometer programmed for zenith angle setting,
interval for observations, signal level expected, lati-
tude/longitude of stations, integration time and number of
output samples to be collected is fixed before the observa-
tion. Once the observation schedule is set, the spectrome-
ter will automatically take observations. The experimental
arrangement and details about the spectrometer are descri-
bed by Jadhav et al."® and Meena et al.*®.

Observations of the zenith sky light were carried out in
the spectral region 462—498 nm during morning and eve-
ning twilight periods. The ratio of zenith sky spectra of
noontime and evening time is taken to eliminate the
Fraunhofer line structure and this ratio spectrum gives
the effect of absorption of NO,, O3, H;O and O4 column
relative to the reference spectra, which is used to deter-
mine the SCDs of NO; and Os.
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Computation of TCD

During the last two decades, the DOAS technique has
been developed into a powerful tool for the detection of a
variety of atmospheric trace species such as Oz, NO,,
NO,;, OCIO, BrO**1321:22 For retrieval of SCDs of trace
gases, the spectrum of zenith-scattered light is usually
analysed. If the intensities, absorption cross-sections and
AMFs are known, then eq. (2) may be inverted for the
density of an absorber. The absorber concentration V is
derived from eq. (1).

In atmospheric measurements, /, cannot usually be de-
termined easily and in addition, the detected light is not
only attenuated by the absorption of different atmos-
pheric trace gases, but also by atmospheric Mie and
Rayleigh scattering. However, to study NO,, O;, H,O and
0,4 by DOAS technique, the ring cross-sections have been
considered. Absorption by O3, NO,, H,O and O, are de-
rived by matrix inversion technique'’.

Vertical column ozone V is obtained from slant column
S, by using the following relationship:

_S+R
AMEF’

(7

where R is the slant column amount of absorber in the
reference spectrum. The procedure of averaging the den-
sity values at twilight hours over a suitable range of
SZAS is used here to minimize the errors in the retrieval
of vertical column ozone™***,

90
_ i Z SSZA +R (8)
N SZA=75 AMFgz,

~|

where N is the number of spectra measured between 75
and 90° SZA.
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Langley plots
Equation (7) may be rearranged as below:
S=VxAMF -R. C)]

The plot of S as a function of AMF for a half-day period,
commonly called a Langley plot, should therefore be a
straight line.

The line will only be straight if: (i) The AMF calcu-
lated is correct; (ii) ¥ does not change during the period;
and (iii) the ozone is horizontally uniform. If these condi-
tions are satisfied, the slope of Langley plots (¥1p) should
give V directly, while the intercept (Ryp) corresponds to
slant column amount in the reference spectra. Least
square straight-line fits, weighted by the inverse square
of their standard error, are used to determine R;p and Vip
by means of standard formula. The slant column amount
of ozone in the noon reference spectrum is calculated
from the Dobson spectrophotometer observations also.

RDob = VDob X AMFRef. (10)
Average vertical density 7 has been derived from eq. (8)
using Rrp.

Results and discussion

There are some merits and demerits of twilight spectros-
copy for the study of chemically active trace species. It is
assumed that the chemistry of the atmospheric species is
not changing during twilight observations. The error in
the computation of SCD of absorbing molecules is gener-
ally dominated by non-random residual of the fitting.
Also, error in slant column occurs due to instrumental
noise, uncertainties in cross-sections and interpolation er-
ror during the analysis. Inaccuracies in the calculation of
AMF come from the hypothesis of constant vertical pro-
file of absorbent gases and aerosols, and their tempera-
ture dependence that leads to error in vertical column of
these gases®. It is possible to obtain real-time measure-
ments of a large number of atmospheric species using a
single spectroscope. Twilight spectroscopy is particularly
valuable to make a detailed study of the air chemistry,
where the simultaneous measurements of a large number
of species are required in order to study the coupling bet-
ween them”. Using this technique, the atmospheric spe-
cies are measured in an air column several kilometres
long, which averages out very localized sources of emis-
sion giving rise to a more representative picture of the
area. Especially hydroxyl (OH) and nitrate (NO,) radicals,
which are important in tropospheric ozone chemistry, can
only be measured using this technique. Thus, twilight
spectroscopy is an inexpensive technique compared to
other methods and can be efficiently used to monitor long-
term changes of different atmospheric species.
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Ozone is evaluated in the spectral region 462—498 nm
where transitions in the Chappuis band occur. In this
spectral region, O5 together with NO,, H,O and O, is in-
cluded in the fitting procedure™. In addition, the contri-
bution of the rotational Raman scattering on air particles
(ring effect) is treated in the evaluation by including
pseudo cross-sections as the inverse of the twilight spec-
trum'”. In order to check the origin of errors, we have
analysed the structure of the residuals (the differences
between the calculated and measured in terms of the total
differential optical depth (TDOD)) for 462—498 nm re-
gion. Figure 5 shows a typical set of fits. The top plot is
the overall fit (the differential —In[//[;]) and in the lower
panels, the individual concentrations to the observed
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Figure 5. Comparison and contribution of observed and calculated
DODs of absorbers Os;, NO;, H;O and Oy, to the total absorption. The
top plot shows the fit obtained including all parameters in the evalua-
tion (O3, NO,, H,0, O4, Rayleigh and ring effect).
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absorptions are shown. The DODs of O;, NO,, H,0, O4
and residuals are found to be 1.4, 0.6, 0.5, 2.3 and
0.002%, respectively during morning hours on 12 May
2000 at 90° SZA with reference 38.4° SZA of the same
day. We find good agreement between observed and
calculated DODs. The resulting residual is low, and
arises mainly from incomplete removal of the Fraunhofer
structure.

The absolute absorption cross-sections of NO, and O;
at 479 nm, 3.38 x 107 mol/cm® and 6.78 x 10> mol/cm?,
respectively are considered for calculating AMFs. The
density profiles of O; and NO, are assumed as Gaussian
profiles, adopted from McClatchey et al.*® and Noxon et
al®, with TCD 6.97 x 10" mol/cm? and 5.77 x 10" mol/cm?,
respectively and used in radiative transfer model. Figure
6 a and b shows the NO, and O; plots of AMF with SZA
at 15, 20, 25 and 30 km level. Minimum deviation in
Langley plots from fitted straight line is observed at
25 km level. Therefore, the AMFs of 25 km level are
considered for calculation of TCDs. Plots of SCDs and
TCDs of O; with SZA of four days, namely 23, 24, 25
and 26 November 2000 are shown in Figure 7 a—c respec-
tively. The SCDs are found to increase with increase in
SZA due to increasing path length at higher SZA. All
plots of O; SCDs with AMFs show a linear trend with a
little scatter, as seen in Figure 7 b. Little variation is seen
in O; TCDs after 90° SZA, a variation of 3 to 7 DU
which could be due to multiple scattering. The straight
line in Figure 7 ¢ shows the Dobson spectrophotometer
value. Vertical column density of ozone obtained by
other methods is given in Table 1. The agreement is
good. The slopes of Langley plots (Vrp) give the under-
estimated values with respect to the Dobson total ozone
(Vbob)- The slant amount of ozone in the reference spe-
ctrum is calculated from the intercept of Langley plots.
The average TCDs ¥ and Ve, are derived using Ryp and
they are in good agreement with Dobson spectrophoto-
meter observations which are collected from World
Ozone Data Center (WODC), Pune station.
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Figure 6.
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Daily TCDs of NO, and O obtained at Pune (18°32'N,
73°51’E) in the morning and evening twilight hours dur-
ing the period 4 May 2000 to 31 May 2001 are shown in
Figure 8 a and b, respectively. These data were derived
from SCDs at 90° SZA using the AMF, calculated by
radiative transfer model. Data were not available from
day number 404 to 451, therefore they have been shown
by straight line in the figure. Earlier spectroscopic studies
at Pune showed that the TCDs of NO, and O varied from
1.3 x 10" to 0.6 x 10" mol/em® and 285 to 239 DU, res-
pectively from May 1988 to February 1989 (ref. 5). Pres-
ently, 1.4 x 10" mol/cm® (morning average) and 2.8 x
10" mol/cm® (evening average) of NO, in the vertical
column are observed during December 2000-January
2001 (winter). In May 2001 (summer), average TCD
of NO, is 4.6x10"” mol/em® and 7.8 x 10"”°mol/cm?
observed in the morning and evening twilight hours, res-
pectively at Pune. Similarly, average morning TCD of
NO, is 4.9 x 10" mol/em” and average evening value is
7.9 x 10" mol/em® during May 2000. Average morning
and evening TCDs of NO, is 2.1 x 10" mol/em’ in De-
cember 2000-January 2001, 6.2 x 10" mol/em® in May
2001 and 6.4 x 10" mol/cm® in May 2000. The ratio of
summer to winter densities of NO, is 2.95 and for O it is
1.21. Lal et al.*” have made some NO, measurements at
Ahmedabad (23°N, 72°E) in the spectral range 436-
448 nm. TCDs of NO, were noticed between 0.5 and
2.5 x 10" mol/cm® (average 1.5 x 10"°) during December
1989—January 1990 (winter), which are lower than the
present winter value 2.1 x 10" mol/cm® at Pune. The ra-
tio of NO, (PM/AM) was found to be 1.25, maximum in
December; then it had a decreasing trend at Ahmedabad.
At Pune, the ratio is 2.0 in December and decreased up to
1.7 in May 2001. Thus the similar trend in ratio is ob-
served at Pune.

During daytime, photochemical reactions take place in
the presence of sunlight and N,O; that formed due to
oxidation of NO, during night gets photolysed to repro-
duce NO,. The formation of NO, during the day leads to
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Figure 7. Measurement of ozone density in November 2000. a, Ozone SCD with SZA; b, Ozone SCD with AMF; ¢, Comparison of TCD

of ozone with Dobson spectrophotometer values.

Table 1. Vertical and slant column densities of ozone in the month of September 2000 using different procedures
Date Slope of Langley plot Vip vV Rpon
(2000) 75 to 92° 75 to 90° Vgo VDob RLp = VDob X AMF
23 September 244 239 238 237 783 760
24 September 236 234 233 233 920 909
25 September 242 236 236 235 907 881
26 September 243 236 236 236 1423 1382

Vipand ¥ are calculated using Langley plot and eq. (8), respectively. Vo, is calculated at 90° SZA using Rip, and Vpg, is

from Dobson spectrophotometer observations.

increase in the TCDs of NO,. The increase in NO, TCDs
is also possible due to increased pollution during day,
which is reflected in the evening twilight hours. At twi-
light, NO, density depends on NO and is controlled by
the following reactions.

NO + 03 = N02 + 02,

NO, + hv =NO + O,

N02+O:NO+02.

During the evening twilight hours, the rapid decrease in
the rate of photolysis of NO, and the abundance of
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atomic oxygen leads to conversion of NO into NO,. Thus
the total number of NO, molecules can increase substan-
tially during evening hours, and hence the AM/PM dif-
ference>***. This AM/PM difference in TCDs of NO, is
seen in from Figure 8 a. However, there is not much dif-
ference seen in O; values (Figure 8 b).

In summer, the length of the day increases due to
movement of the sun and hence the duration of sunlight
hours leads to further photolysis of N,Os which causes
higher TCDs of NO, as compared to winter values'. The
TCD data at Pune show strong seasonal and diurnal
variations of NO,, with maxima in summer at sunset and
minima in winter at sunrise. This agrees with the results
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Figure 8. Time series of total column density of NO, and O; at sun-
rise (AM) and sunset (PM), at Pune (18°32’N, 73°51’E) during May
2000-May 2001.

of earlier workers™®'**" Also, more ozone is confined to
increased duration of UV-radiation during summer
months. Ozone produced in the tropical region gets
transported to higher latitudes by the stratospheric mean
diabatic circulation. Ozone-rich air during winter moves
poleward and downward, which explains the seasonal
variation in ozone. Also, day-to-day variability in total
ozone is caused by changing weather patterns in the tro-
posphere and its effects may extend to the lower strato-
spheric levels. Ozone has strong seasonal variation but
weak diurnal variation, with maxima in the summer and
minima in the winter.

Conclusions

A single scattering radiative transfer model has been de-
veloped to calculate the AMFs for scattered light obser-
vations. These AMFs are used for determining the TCDs
of NO; and O;. Various methods of evaluating TCD are
discussed. The mean difference of our preferred method
for calculating vertical ozone from the spectrometer was
3 DU. Possible changes in ozone during the course of the
day lead us to recommend the range 75-90° SZA for de-
termination of both slope and intercept of Langely plots.
The average TCDs ¥ and Ve, derived using Rrp are in
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good agreement with the Dobson spectrophotometer ob-
servations. A good matching is achieved between ob-
served and calculated DODs of NO,, O3, H,O and O,. It
is observed that evening NO, TCDs are higher than those
in the morning. It is also found that the TCDs of O; in the
morning are higher than those in the evening.

A time series of daily TCDs of NO, and O; is obtained
from observations made at Pune, (18°32'N, 73°51’E) us-
ing automatic visible spectrometer during May 2000-
May 2001. This study reveals large day-to-day variability
in TCDs of NO, than in O3, with maxima in summer and
minima in winter.
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The Indian Ocean monsoon system is one of the
dominant features of the earth’s climate influencing
weather and climate of the Asian region. Long-term
changes in the monsoon have been linked to orbital
forcings as well as the Himalayan-Tibetan uplift.
Changes in the monsoon are preserved in various
proxies across the region both on land and in the ma-
rine sediments. Here we present Plio-Pleistocene re-
cord of monsoon proxy deep-sea benthic foraminifera
from Ocean Drilling Programme Site 758, northeast
ern Indian Ocean to understand a link between or-
bital changes and Indian Ocean monsoon variability.
We used Continuous Wavelet Transform (CWT) of

Uvigerina proboscidea and Epistominella exigua,
which have been found blooming in two different sea-
sons of the Indian monsoon — the summer and winter
monsoons, respectively. An inverse relation between
the two is observed during the past ~1000 kyr in the
CWT-extracted 400-kyr components as also in the
raw data. The variable relation between the monsoon
proxies and earth’s eccentricity at Site 758 agrees
with the recent findings that orbital forcing of the In-
dian monsoon shows major shifts during the Plio-
Pleistocene. These shifts correspond to the advent of
growth and decay of the Northern Hemisphere ice
sheets since the last 2.5 Ma.

THE Indian Ocean climate is dominated by the summer or
southwest (SW) monsoon and winter or northeast (NE)
monsoon winds, affecting weather and climate of the
Asian and African regions between 30°N and 20°S lati-
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tudes'. Winds are stronger and precipitation is high dur-
ing the summer monsoon season, whereas during the
winter monsoon months weak and variable winds cause
low precipitation. Both sensible and latent heating drive
the summer monsoon winds between the cold Indian
Ocean and the warmer Indian—Asian land mass (Himala-
yan-Tibetan Plateau) during May-July®. During winter,
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