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Abstract—A global analysis of geographical features of vertical profiles of specific air humidity and concen-
trations of sulfur dioxide and sulfate aerosols is carried out based on the CAMS reanalysis data, as well as the
height of the planetary boundary layer (PBL) based on the ERA5 reanalysis data for 2003–2020. The scale
height HY, i.e., the height at which the concentration of the substance Y decreases by a factor of e, is used as
a characteristic of the aforesaid profiles. The maximal heights of the upper PBL boundary are observed in
regions of the prevailing cyclonic gyre—in storm tracks and in regions of monsoonal circulation in summer.
For the vertical scale of the specific humidity profile, minima are identified in the regions of the subtropical
gyre with prevailing large-scale subsidence of air masses. The scale height of SO2 is characterized by spatial
minima associated with oxidation of this substance. For , a spatial minimum over the ocean near south-
east Asia is found. A statistically significant negative correlation between the PBL thickness and the vertical
scale of the specific humidity profile in humid regions of the tropics is revealed, as well as a positive correla-
tion between scale heights of sulfur dioxide and sulfates, most significantly manifested in regions with acute
pollution of the lower troposphere by these substances.

Keywords: sulfur dioxide, sulfates, specific humidity, vertical scale, planetary boundary layer, correlation
relationships
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INTRODUCTION
One of the features of the Earth’s lower tropo-

sphere is the universal structure of vertical profiles of
atmospheric impurities, the sources of which are situ-
ated on the Earth’s surface [1–3]. The dependence on
altitude above the surface z, both for the concentration
and for the mixing ratio, has the form

(1)
where the subscript Y points to a substance and HY is
the height scale of this substance, i.e., the height at
which concentration of the substance Y decreases by a
factor of e. Relationship (1) allows one, in particular,
to relate the total content of this impurity in a column
with a unit area to its ground level concentration [4]:

(2)
For this purpose, it is necessary that HY < H, where
H is the atmospheric density scale height. In turn,
Eqs. (1) and (2) can be used in simplified models of

the atmosphere, in particular, in Earth system models
of intermediate complexity [5–11]. Models of this
class are often formulated under the assumption that
time scales for processes determining the structure of
the vertical profile qY(z) are notably less than time
scales of processes explicitly resolved by such model
[5, 7].

Relationship (1) can be justified under simultane-
ous fulfillment of two conditions: (i) the sources
(emission and/or chemical formation) of an impurity
are on the Earth’s surface and (ii) the vertical transfer
of the impurity is a result of two processes—diffusion
and gravity sedimentation [2]. However, this rela-
tionship can be also valid for substances for which
humid washout dominates in the release from the
atmosphere, e.g., for sulfate aerosols [1, 2] or water
vapor [3].

The scale height HY can significantly depend not
only on the choice of the substance Y but also on the
state of the atmospheric boundary layer, i.e., on the

H
4SO

= −Y Y Yq z q z H( ) ( ) (0 exp ),

=Y Y YB q H( )0 .
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SCALE HEIGHTS OF WATER VAPOR AND SULFUR COMPOUNDS 783
geographical point and time. Such variations were
observed, in particular, in [1]. At the simplest level,
their causes can be understood from the theory of dry
deposition of atmospheric impurities [2]. According to
this theory,

(3)

where uT, Y is the terminal velocity (depending on the
density of impurity particles, their size, and shape)
and Kz, Y is the coefficient of vertical diffusion for the
substance Y, constant over altitude. In view of the rela-
tion between the coefficient of diffusion Kz, Y and strat-
ification features of the planetary boundary layer
(PBL), it is possible that 0 ≤ HY ≤ H.

It should also be kept in mind that the height of the
upper boundary of the PBL relative to the Earth HBL
depends on the coefficient of diffusion for the
momentum in dry air Kz, air [12]. In particular, in the
Eckman approximation for the PBL, it is valid that

(4)

where f is the Coriolis parameter. With allowance for
the relation between coefficients of molecular diffu-
sion for different substances and their molecular masses
[13], one can assume that all Kz, Y (including Kz, air) at
the given PBL state differ from each other only by con-
stant coefficients (depending only on the substance Y).
Thus, proceeding from Eqs. (3) and (4), one can
expect a positive correlation between HY and HPBL.

This work is aimed at analyzing scale heights of sul-
fate aerosols (Y = SO4) and their main chemical pre-
cursor, sulfur dioxide (Y = SO2). In addition, the value
of HY is analyzed for water vapor (Y = vap). The last is
related both to the use of relationship (1) for describ-
ing the vertical distribution of water vapor in the tro-
posphere [3] and with the importance of this variable
for chemical transformations of sulfur compounds in
the atmosphere [4, 14]. Finally, this work analyzes the
height of the upper PBL boundary relative to the
Earth’s surface HPBL.

All analyzed impurities directly affect optical prop-
erties of the atmosphere. Water vapor is the strongest
greenhouse gas [15]; it also has an effect on optical
properties of the atmosphere in the solar range [15].
Moreover, its content in the atmosphere affects the
formation of clouds which modify the transfer of solar
and thermal radiation [15, 16]. Sulfate aerosols also
have a significant effect on the solar radiation transfer
in the Earth’s atmosphere due to direct scattering of
solar radiation and modification of cloudiness charac-
teristics [15, 17, 18]. Sulfur dioxide is the most import-
ant chemical precursor of sulfate aerosols [2]. It has an
effect on vegetation photosynthesis and, indirectly, on
the atmospheric content of carbon dioxide, which is
one more important greenhouse gas [14, 19–21].

( )= +Y T Y z YH H u H K, ,1 ,

= zH K f 1 2
BL,E , air(2 ) ,
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1. MATERIALS AND METHODS

The analysis was performed based on the monthly
average data of the Copernicus Atmospheric Monitor-
ing Service (CAMS) [22] and ERA5 reanalyses [23]
for 2003–2020. From the first data array, specific
humidity (variable q in the CAMS nomenclature)
and mixing ratios for sulfur dioxide (SO2) and sulfate
aerosol (aermr11) at isobaric levels in the layer from
950 to 600 hPa were used for the analysis. In view of
the fact that all abovementioned gases are trace
atmospheric gases, the mixing ratio for them was
assumed to be equivalent to the concentration.
Besides, the height of the upper PBL boundary was
analyzed (variable blh in the ERA5 nomenclature).
Note that the height of the upper PBL boundary in
the ERA5 reanalysis is defined as the minimal alti-
tude above the Earth’s surface at which the Richard-
son number reaches 0.25 [24].

Specific humidity and concentrations of sulfur
dioxide and sulfate aerosol were approximated by rela-
tionship (1) in the form of linear regression
ln(qY(z)/qY(0)), the coefficients of which were esti-
mated using the regCoef_n function of the NCL
(NCAR Command Language) package. The altitude z
was reckoned from sea level and was approximated by
a quantity proportional to ln(p/p0), where p is the pres-
sure at the given isobaric level and p0 = 950 hPa. The
grid nodes with orography above the isobaric level p0,
as well as with HY > 3 km, were excluded from the con-
sideration. The last is related to the fact that either the
concentration of the substance Y is low relative to
other regions (and, therefore, the vertical profile of
this concentration is hard to measure) or there appear
inversions in the PBL (which makes relationship (1)
inapplicable) at such nodes.

Calculation of global and annual average values of
all HY (denoted in what follows as ) in this work is
carried out only at grid nodes not excluded from con-
sideration for reasons given above.

2. RESULTS

2.1. Long-Term Annual Average Values 
of the Planetary Boundary Layer Thickness 

and Scale Heights for Atmospheric Impurities

The PBL height relative to the Earth’s surface is
characterized by lower values over land and ocean in
high and subpolar latitudes (up to 0.7 km) as com-
pared to the ocean in lower latitudes (from 0.6 to
1.8 km) (Fig. 1). In regions of intense synoptic activity
(in particular, in regions of storm tracks) characterized
by the cyclonic gyre with ascending air masses in the
lower troposphere, the PBL heights are maximal. In
the last case, an increase in HBL is also visible in winter
of the corresponding hemisphere, when synoptic pro-
cesses are more active than in summer.

g
YH ( )
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Fig. 1. Seasonal average height of the PBL boundary relative to the Earth’s surface for 2003–2020 (a) in Northern Hemisphere
winter, (b) in spring, (c) in summer, and (d) in autumn.
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In summer, the HPBL maximum is also found in the
south and southeast of Eurasia. In some regions, the
maximum exceeds 1.8 km (Fig. 1c). It is related to the
development of the monsoonal cyclonic circulation in
this season. The aforesaid maximum manifests itself to
a lesser extent in spring (Fig. 1b).

It should be noted that, according to Eq. (4), such
change in the PBL can be interpreted as an increase in
Kz, air during strong cyclonic activity [25], which is
shown in the development of convective processes in
the PBL thickness.

The vertical scale for specific humidity Hvap over
oceans lies as a rule in the range 1.4–2.2 km (Fig. 2).
The minima are observed in regions of subtropical
gyres with predominance of anticyclonic conditions,
i.e., with predominating large-scale subsidence of air
masses. In winter, Hvap is in general lower than in
summer.

Over land, values of Hvap exceed those over oceans:
from 2.2 km and higher. In contrast to oceanic regions,
the vertical scale for specific humidity in winter is
higher than in summer.

The interannual root-mean-square deviation
(IRMSD) of seasonal average values of Hvap in most
regions is ∼0.1 km, with the exception of regions of the
ATMOSPHE
intratropical convergence zone (ITCZ), where it can
reach 0.3 km.

Under global and annual averaging,  = 2.5 ±
0.1 km.

The annual cycle of the scale height of sulfur diox-
ide  over land is relatively feebly marked. How-
ever, a significant difference between regions with
higher and lower contamination of the atmosphere by
sulfur dioxide is observed. In the first case (south and
southeast of Asia, Europe, and the east of North
America), this scale height varies within the range
from 0.6 to 2.2 km (Fig. 3).

Over the ocean, minimums of  are observed in
tropics—not more than 1.5 km, just as over regions
with high contamination of the troposphere by sulfates
(Figs. 5c, 5e; 6c, 6e; and 7c, 7e from [4]). The last
seems to point to the influence of chemical oxidation
of sulfur dioxide with formation of sulfate aerosols on
the vertical scale.

The IRMSD of  over the ocean is notably
larger than the corresponding value for specific
humidity. Over most oceanic regions, it varies from
0.3 to 0.5 km; in the ITCZ region, it can even exceed
1.0 km. Such large values are also observed over the

gH ( )
vap

H
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H
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Fig. 2. Same as in Fig. 1 for the vertical scale of specific humidity (a) in Nortern Hemisphere winter, (b) in spring, (c) in summer,
and (d) in autumn.
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Arctic Ocean in summer. Over land, the IRMSD of

 as a rule, does not exceed 0.3 km. On global and

annual averaging,  = 2.6 ± 0.2 km.

The scale height of sulfates  is determined

worse than for other variables analyzed in this work:
both over oceans and over continents, a large number
of grid nodes are forcibly excluded from consideration
(Fig. 4). For example, the scale height of sulfates is
insufficiently reliably determined over most oceanic
regions (with the exception of the ITCZ), as well as
over most of land. This, in particular, impedes the

analysis of the annual variation in 

In most regions where it was possible to calculate
this scale height, it exceeded 1.8 km. However, the
oceanic region near south and southeast Asia, where

 is close to 1.5 km, is an exception. This region is

characterized by high aerosol contamination. The spa-

tial  minimum revealed here is hardly related to

the rapid washout of sulfate aerosol by monsoon pre-
cipitations: this precipitation is most significant in
summer, while the abovementioned spatial minimum
is most pronounced in winter.

Similarly for specific humidity, the IRMSD of

 is equal to 0.1–0.3 km. Values over land are usu-

H
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gH
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ally in the lower part of the abovementioned interval;
over the ocean, in the upper part. In the case of global

and annual averaging,  = 2.1 ± 0.2 km.

2.2. Relation between the Thickness
of the Surface Boundary Layer and Vertical Scale 

for Specific Humidity

Using the f ldcor and timcor functions of the CDO
library (Climate Data Operators, http://doi.org/
10.5281/zenodo.5614769), correlation relationships
between scale heights and their connection with the
PBL thickness were analyzed.

The spatial correlations between the variables are
weak (Table 1). An exception is the negative correla-
tion between HPBL and Hvap, which corresponds to the

time correlation in sign. In particular, the coefficients
of the interannual correlation between HPBL and Hvap

calculated by seasonal average data turn out to be sta-
tistically significant in some tropical regions (Figs. 5
and 6). Note that at a series length of 18 years, without
regard to autocorrelation and under the assumption of
the normal distribution of interannual variations for
all HY, the threshold values of the correlation coeffi-

cients for statistical significance levels of 90, 95, and

gH
4

( )

SO
. 6  2022
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Fig. 3. Same as in Fig. 1 for the vertical scale of sulfur dioxide concentration (a) in Nortern Hemisphere winter, (b) in spring,
(c) in summer, and (d) in autumn.
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99% are 0.400, 0.468, and 0.590, respectively. As a

consequence, isolines in Fig. 5 (and, further, in Fig. 8)

approximately correspond to boundaries of regions

with the corresponding statistical significance level. In

addition, we note that it is not required to use methods

by which the statistical significance of coefficients of

time correlations between fields is analyzed, e.g., the

Walker test or control of the false discovery rate [26];

in fact, we merely seek spatially coherent regions with

statistically significant relations between individual

time series (not between fields).
ATMOSPHE

Table 1. Coefficients of spatial correlation between differ-
ent HY

When calculating the spatial correlations, values of variables in the
grid cells were averaged with weights corresponding to the area
of the horizontal data cell.

Scale 

height
HPBL Hvap

HPBL 1 −0.59 0.44 0.18

Hvap 1 −0.16 −0.02

1 0.44

1

H
2SO H

4SO

H
2SO

H
4SO
The areas of significant negative correlations
between HPBL and Hvap are situated in regions with the

highest water content in the lower troposphere (Fig. 7).
Moreover, the seasonal variation of boundaries of
these areas is similar to the seasonal variation of spe-
cific humidity.

With reference to the abovementioned, it should be
noted that the high water content of the PBL favors the
development of moist convective processes. Moist
convection favors the formation of intense precipita-
tions, which, in turn, increases buoyancy of air con-
vective elements and additionally intensifies the devel-
oping convection [27]. Therefore, the negative cor-
relation between HPBL and Hvap in moist regions of the

tropics can be associated with convective activity. At
the same time, the negative correlation between HPBL

and Hvap in these regions can point to the inapplicabil-

ity of the Einstein–Stokes theory for effective diffu-
sion in the PBL in view of the influence of mesoscale
vortices. In addition, the abovementioned correlation
is almost absent over land (see Fig. 5). The small areas
where it turns out to be significant are characterized by
a strong influence of maritime air masses as, for exam-
ple, in the east of Europe in winter (which is related to
the moisture transfer from the ocean by storm tracks)
or over the Hindustan Peninsula in summer (appar-
RIC AND OCEANIC OPTICS  Vol. 35  No. 6  2022
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Fig. 4. Same as in Fig. 1 for the scale height of sulfates.
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ently, due to the influence of the monsoonal circula-
tion). It should be noted that at least the second area is
small and can be associated with the false discovery of
statistical methods [26].

2.3. Correlation between Scale Heights of Sulfur Dioxide 
and Sulfate Aerosols

In some regions, a statistically significant correla-
tion between scale heights of sulfur dioxide and sulfate
aerosols is revealed (Fig. 8). It is statistically signifi-
cant but only in regions with strong aerosol contami-
nation in the south and southeast of Eurasia and is less
significant in Europe. Over continents in the Northern
Hemisphere, this is more pronounced in the warm
period of the year than in the cold period.

The relatively low level of statistical significance of

the correlation between  and  can be related,

in particular, to disadvantages in calculation of these
scale heights in terms of regression dependences (see
Section 1). For example, reanalysis data can be of rel-
atively low quality over mountain regions. Over
regions with a relatively low content of sulfur com-
pounds in the troposphere, calculation of coefficients
of the corresponding linear regression can be impeded
because of the low level of statistical data provision. In

H
2SO H

4SO
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 35  No
other words, the range of values of such data is not
large enough and, as a consequence, the effects of
noisiness related both to inaccuracy of the data and to

processes deviating the profiles  and 

from the chosen exponential dependence begin to play
a part.

Nevertheless, the positive correlation between

 and  manifests itself in most regions with

severe atmospheric contamination by sulfur com-
pounds. In particular, the slope α of the interannual

linear regression in which  is the predictor and

 is the predictand is positive in all such regions

(Fig. 9). Moreover, its values are sufficiently spatially
homogeneous and vary within the range of ∼1–3. As a
consequence, the dependence derived is statistically
stable.

CONCLUSIONS

In this work, a global analysis of geographical fea-
tures of vertical profiles of specific humidity and con-
centrations of sulfur dioxide and sulfate aerosols has
been carried out based on CAMS reanalysis data for
2003–2020. The profile of the PBL height has been
also analyzed based on ERA5 reanalysis data for the

( )q z
2SO ( )q z

4SO

H
2SO H

4SO

H
2SO

H
4SO
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Fig. 5. Maps of coefficients of correlations between seasonal average values of Hvap and HBL for (a) Nortern Hemisphere winter,
(b) spring, (c) summer, and (d) autumn.

Coefficient of correlation

December–February March–May

June–August September–November

0.6

L
a
ti

tu
d

e

Longitude

60�

30�

0�

–30�

–60�

90�

–90�
–120�–60�0� 60�120�180� 0�

(b)(a)

(d)(c)

L
a
ti

tu
d

e

Longitude

60�

30�

0�

–30�

–60�

90�

–90�
–120�–60�0� 60�120�180� 0�

L
a
ti

tu
d

e

Longitude

60�

30�

0�

–30�

–60�

90�

–90�
–120�–60�0� 60�120�180� 0�

L
a
ti

tu
d

e

Longitude

60�

30�

0�

–30�

–60�

90�

–90�
–120�–60�0� 60�120�180� 0�

0.50.4–0.4–0.5–0.6
same time interval. The scale height HY which corre-

sponds to a decrease in substance concentration by a

factor of e was used as the main analyzed characteristic

of the abovementioned profiles.
ATMOSPHE

Fig. 6. Correlations between seasonal average (Decem-
ber–February) values of Hvap and HBL for the point with
the coordinates 0° N and 180° E.
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Height maxima of the upper PBL boundary are
observed in regions of the predominating cyclonic gyre,
in storm tracks, and in regions of monsoonal circulation
in summer. For the vertical scale of the specific humid-
ity profile, minima have been revealed in regions of sub-
tropical gyres with predominant large-scale subsidence
of air masses. The scale height of SO2 is characterized by

spatial minima apparently related to oxidation of this

substance. For , a spatial minimum has been

revealed over the ocean near southeast Asia.

A statistically significant negative correlation
between the PBL thickness and the vertical scale for
specific humidity has been revealed in moist regions of
the tropics. This correlation can point to the inappli-
cability of the Einstein–Stokes theory to effective dif-
fusion in the PBL due to the influence of mesoscale
vortices on it.

It should be noted that, in spite of the commonly
accepted assumptions used when deriving formulas (3)
and (4), the negative correlation between HPBL and

Hvap seems to be contradicting intuitive understand-

ing: a higher PBL is usually associated with intense
convection in it, which, supposedly, should also favor
the propagation of atmospheric impurities to greater

H
4SO
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Fig. 7. Seasonal average values of specific humidity (a) in Northern Hemisphere winter and (b) in summer at an isobaric level of
950 hPa according to ERA5 reanalysis data.
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Fig. 8. Coefficients of correlation between  and  for (a) Northern Hemisphere winter, (b) spring, (c) summer, and
(d) autumn.
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Fig. 9. Same as in Fig. 8 but for the coefficient α of interannual linear regression of  on  for (a) Northern Hemisphere
winter, (b) spring, (c) summer, and (d) autumn.
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heights. However, such intense convection is usually
accompanied by intense precipitation. As seen from (3)
and (4), the influence of diffusion on HPBL and Hvap is

opposite in sign. Physically, this is related to the fact
that the direction of the diffusion flow is determined
by the gradient of the mean concentration of the trans-
ferred variable. Since the wind speed in the PBL
increases with height and concentration of impurities
emitted from the Earth’s surface decreases, the diffu-
sion flows of momentum and these impurities are
oppositely directed.

A positive correlation between scale heights of sul-
fur dioxide and sulfates has also been revealed. The
correlation manifests itself most significantly in
regions of strong contamination of the lower tropo-
sphere by these substances. In southern and south-
eastern Eurasia, this correlation can be related (at least
partially) to the seasonal maximum of HBL. However,

it also manifests itself in other regions with contami-
nation of the lower troposphere by sulfur com-
pounds—in Europe and in the east of North America.
As a consequence, its appearance is affected by pro-
cesses not related directly to the seasonal maximum of
the PBL thickness.
ATMOSPHE
It should be noted that under other assumptions
about, e.g., the vertical structure of parameters of the
problem, one can also derive alternative relationships
for vertical profiles of impurities in the lower tropo-
sphere. In particular, as shown in [28], if the diffusion
coefficient in the PBL linearly depends on height,

(5)

where the coefficient λz, 0 is equal to the product of
friction velocity and von Kármán’s constant and z0 is
the roughness height, then the vertical concentration
profile of impurity Y has the form

(6)

where SY = uT, Y/λz, Y, 0. The quantity HY = HSY can also
be treated as a characteristic of the vertical profile of an
impurity in the lower troposphere. However, when
passing from the relationship for the ground level con-
centration of a substance to the relationship for its total
content in the tropospheric column, integration should
be performed up to a certain height dHY, where d is a
number (depending on SY) in the range from 1 to 10
with an additional condition 0 < SY < 1. Under a more
severe condition SY ! 1,

( )= +z Y z YK l z z, , ,0 0 ,

( )−= + Y
Y Y

Sq z q z z0( ) ( )0 1 ,
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(7)

As a consequence, first, HY turns out to be ambig-

uously determined (in view of the dependence on d);
second, information about the type of the underlying
surface (value of the parameter z0) is required. For this

reason, such an approach is not used in this work.

The results are useful both for a concise representa-
tion of geographic features of the vertical distribution of
impurities in the lower troposphere and from the view-
point of numerical simulation of climate-forming pro-
cesses in the atmosphere in the case of specifying such
vertical distributions in the form of universal (exponen-
tial) dependences on the vertical coordinate in simpli-
fied models of the Earth system. In particular, the rela-

tionship between  and  can be used in the fur-

ther development of the ChAP scheme [4].
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