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Key Points:
The diurnal transport of atmospheric water vapor is common during major dust storms on Mars, based on the Mars Climate Database
5.3

●

The migrating diurnal tide dominates the diurnal transport of water vapor during most of the major dust storms●

Tidal transports during Martian year (MY) 25 spring and MY 28 summer global dust storms may have opposite effects on water escape●

Citation: Li, J., Wu, Z. P., Li, T., Zhang, X. and Gui, J. (2020). The diurnal transport of atmospheric water vapor during major dust storms on
Mars based on the Mars Climate Database, version 5.3. Earth Planet. Phys., 4(6), 550–564. http://doi.org/10.26464/epp2020062

Abstract: In recent studies of the Martian atmosphere, strong diurnal variation in the dust was discovered in the southern hemisphere
during major dust storms, which provides strong evidence that the commonly recognized meridional transport process is driven by
thermal tides. This process, when coupled with deep convection, could be an important part of the short-term atmospheric dynamics of
water escape. However, the potential of this process to alter the horizontal distribution of moist air has not been systematically
investigated. In this work, we conducted pre-research on the horizontal transport of water vapor associated with the migrating diurnal
tide (DW1) at 50 Pa in the upper troposphere during major dust storms based on the Mars Climate Database (MCD) 5.3, a state-of-the-art
database for Martian atmospheric research that has been validated as simulating the relevant short-period atmospheric dynamics well.
We found westward-propagating diurnal patterns in the global water vapor front during nearly all the major dust storms from Martian
years (MYs) 24 to 32. Statistical and correlation analyses showed that the diurnal transport of water vapor during global and A-season
regional dust storms is dominated by the DW1. The effect of the tidal transport of water vapor varies with the types of dust storms in
different seasons. During regional dust storms, the tidal transport induces only limited diurnal motion of the water vapor. However, the
horizontal tidal wind tends to increase the abundance of daytime water vapor at mid- to low latitudes during the MY 28 southern
summer global dust storm while decreasing it during the MY 25 southern spring global dust storm. The tidal transport process during
these two global dust storms can induce opposite effects on water escape.
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1. Introduction
The existence of water on an extraterrestrial planet like Mars is sig-

nificant  because  it  indicates  the  potential  for  life.  While  there  is

widespread  water  ice  in  the  atmosphere  (Hinson  and  Wilson,

2004; Wilson et al., 2007; McCleese et al., 2010) and perennial wa-

ter  ice  in  the  polar  caps  (Bibring  et  al.,  2004; Hale  et  al.,  2005;

Bandfield,  2007),  Mars  appears  to have no perennial  liquid water

on its surface at present (Haberle et al.,  2001; Martin-Torres et al.,

2015). However,  the  presence  of  fluvial  features  implies  that  li-

quid  water  was  once  present  on  the  surface  of  Mars  (McKay,

1997). Previous  studies  have  suggested  that  Mars  was  substan-

tially warmer and wetter in the past than at present (Pollack et al.,

1987; Craddock  and  Howard,  2002).  Therefore,  Mars  would  have

experienced  substantial  climate  change  and  water  loss

throughout its history.

Multiple mechanisms could account for the water loss from Mars,

among  which  water  escape  from  the  atmosphere  to  space  is  an

important way and is ongoing to the present day (Nair et al., 1994;
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Jakosky and Phillips,  2001).  The main mechanism is suggested to
be Jeans escape of hydrogen sourced from the photolytic destruc-
tion of water vapor in the atmosphere, and the escape rate shows
seasonal variability (Jeans, 1921; Zahnle et al., 2008; Chaffin et al.,
2014). Previous studies have attributed this seasonal variability to
the  seasonal  variation  in  water  vapor  sources  detected  in  the
middle atmosphere (Chaffin et al., 2017). Using multiannual obser-
vational  estimates  of  water  content  and  dust  from  Mars  Climate
Sounder  (MCS)  data, Heavens  et  al.  (2018) suggested  that  deep
convection  during  Martian  dust  storms  could  transport  water  to
the middle atmosphere, which would explain the seasonal variab-
ility of the water vapor source.  However,  the short-term dynamic
process of transporting water content to a high altitude is not yet
clearly  understood  in  detail.  In  a  recent  observational  study,
Vandaele  et  al.  (2019) discovered  the  rapid  vertical  transport  of
dust and water to high altitudes from the middle to high latitudes
within  only  a  few  days  during  global  dust  storms,  which  makes
the short-term atmospheric dynamic process on Mars intriguing.

For many  years,  studies  of  the  Martian  middle  and  lower  atmo-
sphere  relied  heavily  on  observational  data  from  space-based
satellites  and  ground-based  landers  and  rovers  (Smith,  2008).
However, most of the satellites, such as the Mars Global Surveyor,
Mars Odyssey, and Mars Reconnaissance Orbiter,  are in quasi-po-
lar sun-synchronous  orbits,  which  restrains  the  temporal  cover-
age of their observations to two local times (LTs) per Martian day
(referred to as a “sol”).  Ground-based instruments can make con-
tinuous measurements, but only at local sites. And although com-
prehensive  general  circulation  models  (GCMs)  can  simulate  the
day-to-day and  diurnal  variations  of  the  atmosphere,  these  res-
ults have not yet been fully validated by observations. Therefore,
the  short-term  dynamic  process  within  a  sol,  especially  in  the
global view, is still poorly understood.

However, the cross-track observations of the MCS can increase the
LT coverage and enable detailed study of the short-term dynam-
ics,  such  as  thermal  tides  (Kleinböhl  et  al.,  2013; Wu  ZP  et  al.,
2015). Wu ZP et  al.  (2020) demonstrated that,  driven by the tidal
wind and especially the meridional wind, zonally distributed dust
fronts in the upper troposphere can slosh back and forth in a wide
latitudinal range during major dust storms. In that case, moist air
from  the  summer  polar  cap  can  be  rapidly  transported  on  the
nightside to the middle latitudes. The tidal transport of water va-
por has  been  validated  with  the  help  of  the  Mars  Climate  Data-
base, version 5.3 (MCD 5.3), a state-of-the-art database of meteor-
ological fields derived from GCM numerical simulations (Millour et
al.,  2018). This  water  supply,  if  entrained  by  dusty  deep  convec-
tion at mid- to low latitudes, will  effectively transport water from
the summer polar cap to the middle atmosphere, where it can en-
hance the hydrogen source through photodissociation. Wu ZP et
al. (2020) have qualitatively shown the tidal transport of water va-
por  during  Martian  years  (MYs)  28  to  34.  Yet  the  relationship
between the meridional motion of water vapor and the tidal wind
requires  a  quantitative investigation.  Furthermore,  the possibility
of  coupling  between  the  horizontal  tidal  wind  and  vertical  deep
convection  during  different  types  of  major  dust  storms  has  not
been discussed.

The  column  abundance  of  water  vapor  has  been  observed  for

years  with  various  instruments,  and  it  exhibits  distinct  seasonal

and spatial  patterns  (Trokhimovskiy  et  al.,  2015). The vertical  dis-

tribution  of  high-altitude  water  vapor,  though  important  for  the

understanding of hydrogen escape rate variations, has rarely been

measured in the past (Fedorova et al., 2018). The MCS data set, al-

though it has good vertical resolution and LT coverage, has no re-

trievals  for  water  vapor.  Therefore,  because of  the lack of  diurnal

measurements of  global  water  vapor and wind field profiles,  it  is

impossible to directly analyze their relationship at a certain atmo-

spheric layer (e.g., the upper troposphere, ~20 to 40 km) from any

available  observational  data.  However,  the  well-simulated

column-integrated water vapor distribution and its seasonal vari-

ation  from  the  MCD  have  been  validated  by  observations  (Nav-

arro et  al.,  2014).  In  addition,  as  validated by Wu ZP et  al.  (2020),

the MCD 5.3 can simulate the horizontal wind field well in the up-

per  troposphere  of  the  southern  hemisphere  during  major  dust

storms. Driven by this wind field, the simulated water vapor in the

MCD 5.3 manifests a diurnal motion in the meridional direction, as

shown  in Figure  1,  which  highly  resembles  the  observed  diurnal

motion of the dust front shown in Supplementary Fig. 6 by Wu ZP

et  al.  (2020).  Therefore,  it  is  feasible  to  conduct  a  pre-research

study  on  the  horizontal  transport  of  water  vapor  during  various

major dust storms based on the MCD 5.3. Such a survey is not only

able  to  examine  the  quality  of  the  water  transport  simulation  in

the MCD 5.3, but also to guide the choice of dust storms to focus

on in future observations to study the short-period horizontal dy-

namics. In  this  work,  we  quantitatively  investigate  the  relation-

ship between the meridional wind and the diurnal motion of wa-

ter vapor in all  major dust storms from MYs 24 to 32 and discuss

the  effect  of  the  tidal  transport  process  in  different  dust  storms

and seasons. This analysis has not been done in previous studies.

Section  2  gives  a  brief  introduction  to  the  MCD  5.3  data  set,  the

major dust storms, and the methods used in this study. Section 3

shows the main statistical results for the relationship between the

meridional wind and the distribution of water vapor. Section 4 dis-

cusses the effects of the tidal transport of water vapor in different

seasons. Finally, Section 5 gives a summary.

2.  Data and Methods

2.1  The Mars Climate Database 5.3
The MCD 5.3 is a state-of-the-art database of meteorological fields

for  the  Martian  atmosphere  (Millour  et  al.,  2018).  It  provides  all

primary meteorological  fields,  such  as  winds,  temperature,  pres-

sure and dust, water vapor, and water ice content, which are from

the  Martian  GCM  developed  at  the  Laboratoire  de  Météorologie

Dynamique (Forget et al., 1999) and have been validated by using

the  latest  observational  data  from  the  primary  spacecraft.  The

Laboratoire de Météorologie Dynamique GCM includes advanced

dust  cycle  and  water  cycle  models  (Madeleine  et  al.,  2011; Nav-

arro  et  al.,  2014)  to  simulate  the  thermodynamic  process  of  dust

storms and the microphysics of dust and water particles. The sol-

id–gas phase transition of airborne water and its transport during

dust storms are theoretically self-consistent and have been valid-

ated  by  available  observations.  The  MCD  5.3  provides  simulated

Martian meteorological information from MYs 24 to 32 driven cor-

respondingly by the spacecraft-derived dust climatology for each

Earth and Planetary Physics       doi: 10.26464/epp2020062 551

 

 
Li J and Wu ZP et al.: Diurnal transport of Martian water vapor

 



MY  (Montabone  et  al.,  2015).  In  this  work,  the  meridional  wind
and water vapor data of these 9 MYs were used. Additionally, wa-
ter vapor that manifests a prominent meridional motion is mainly
between 10 to 70 Pa, as shown in Figure 1, which is similar to the
dust  front  reported  by Wu  ZP  et  al.  (2020).  This  provides  further
validation for the simulated horizontal wind field in the upper tro-
posphere  and  the  feasibility  of  evaluating  the  horizontal  motion
of water vapor with the MCD 5.3. In this work, a pressure level of
50 Pa was chosen, as in Wu ZP et al. (2020), to perform the entire
analysis. It should be noted that the simulated column-integrated
water vapor of the MCD has been validated with observations by
Navarro et al. (2014), but not for each pressure level. Therefore, we
focus more on the extent of the wind-induced horizontal motion
of water vapor rather than the exact amount of water vapor that
can be transported.

2.2  Major Dust Storms from Martian Year 24 to 32
Although dust exists in the lower atmosphere of Mars throughout
the  entire  MY,  it  shows  significant  seasonal  variation.  Driven  by
the significant  increase in  insolation,  the amount of  dust  is  relat-
ively high during the perihelion seasons (i.e., southern spring and
summer; Kass et al., 2016). These seasons are also known as those
that usually last  from a solar  longitude (Ls)  of  180° to 360°.  Major
dust  storms  include  planet-encircling  global  storms  and  three
types  (A,  B,  and  C)  of  large  regional  dust  storms  during  the  dust
storm  season  (Kass  et  al.,  2016).  They  have  significant  influences
on the global-scale atmospheric  structure and circulation (Smith,
2008; Kass  et  al.,  2016).  The A-season storm tends to  be initiated
during the middle of the southern spring and to end by the south-
ern summer  solstice.  It  can  warm  the  atmosphere  at  most  latit-
udes in the southern hemisphere. The B-season storm begins just

after the perihelion and reaches a peak around the southern sum-
mer solstice.  Because it  occurs only in the southern polar  region,
the  B-season  storm  is  found  to  have  a  limited  northern  dynamic
effect.  The  C-season  storm  usually  begins  after  the  end  of  the  B
storm and is shorter than the A and B storms. It is weaker and oc-
curs  irregularly  year  by  year.  The  A  and  C  storms  are  very  much
alike, and both have northern responses by enhancing the Hadley
circulation.  The B storm is  not considered in this  work because it
has limited dynamic effects, especially on the atmospheric diurn-
al variation (Wu ZP et al., 2020). According to previous visible ima-
ging  studies,  the  majority  of  A  and  C  storms  may  originate  from
northern middle-latitude local storms that flush across the equat-
or  into  the  southern  hemisphere  (Wang  HQ  and  Richardson,
2015). Under some unknown conditions, regional and other smal-
ler dust storms in some MYs can grow explosively to form a glob-
al-scale dust storm — a splendid form of atmospheric interannual
variability on Mars (Shirley and Mischna, 2017). These global dust
storms occur  at  irregular  MY intervals,  and only  two events  have
been captured during the 9  MYs considered in  this  work.  Details
on the occurrence of each regional dust storm from MYs 24 to 32,
excluding global dust storms, can be found in Kass et al. (2016). In
addition, the climatology of the dust optical depth, including peri-
ods of all the regional and global dust storms in the 9 MYs, is avail-
able on the MCD website (Montabone et al., 2015). The approxim-
ate period of occurrence of the global dust storms can be determ-
ined by considering the significant enhancement of  the dust op-
tical  depth  during  the  storm  time.  In Table  1,  we  summarize  the
approximate  periods  of  the  A  and  C  regional  and  global  dust
storms during MYs 24–32. All Ls ranges are rounded and enlarged
to reflect the limited sample size. Note that C storms in some MYs
are quite small and are not listed in the table. Also note that these

    

100

10

1
L

a
ti

tu
d

e
 (

°)
(a) 0:00 LT 

   

10

    

 

 

 

 

(b) 4:00 LT 

   

 

 

 

10

    

 

 

 

 

(c) 8:00 LT 

   

 

 

 

10

0

4

8

12

16

20

24

W
a

te
r 

v
a

p
o

r 
(×

1
0

−
5
 m

o
l/

m
o

l)

Longitude (°)

100

10

1

L
a

ti
tu

d
e

 (
°)

(d) 12:00 LT 

−90 −60 −30

10
 

 

 

 

(e) 16:00 LT 

 

 

 

10
 

 

 

 

(f ) 20:00 LT 

 

 

 

10

0

4

8

12

16

20

24

MY32 Ls 225° water vapor

Longitude (°)
−90 −60 −30

Longitude (°)
−90 −60 −30

W
a

te
r 

v
a

p
o

r 
(×

1
0

−
5
 m

o
l/

m
o

l)

 
Figure 1.   Diurnal variation of the vertical and meridional structures of the high-latitude water vapor mixing ratio during an A regional dust storm

at a solar longitude (Ls) of 225° in MY 32. The local time (LT) value is labeled at the top of each panel. The black solid contour line in each panel

shows the typical water vapor front.
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periods are used only in the statistical analysis of this work and are

not  exactly  the  same  as  those  defined  by Kass  et  al.  (2016). Spe-

cifically,  the  durations  shown  in Table  1 cover  the  entire  rising

phase (from  start  to  peak  time)  and  the  peak  time  but  only  par-

tially cover the ending phase (from peak to end time) of the dust

storms. The durations chosen in this  way correspond to the stat-

istical sampling strategy, which is discussed in Section 3.2. During

the  entire  dust  storm  season,  and  especially  during  major  dust

storms,  the  increased  temperature  in  the  southern  hemisphere

tends to promote the transition from water ice to water vapor in

the  troposphere  (McCleese  et  al.,  2010; Haberle  et  al.,  2017).  The

overall  water  ice  abundance  in  the  MCD  is  much  lower  than  the

water  vapor  abundance  by  an  order  of  magnitude  (not  shown).

Therefore, the data analysis in this work is mainly focused on wa-

ter vapor.

2.3  Extraction of the Migrating Diurnal Tide
Thermal tides are the dominant global-scale waves in the rapidly

rotating  atmosphere  of  planets  such  as  the  Earth,  Mars,  and

Venus. Driven by solar heating, the period of a thermal tide corres-

ponds  to  the  subharmonics  of  a  solar  day,  such  as  24,  12,  and  8

hours  (Forbes,  1995).  On  Mars,  the  main  excitation  sources  of

thermal tides are the widely distributed dust and water ice (Wu ZP

et  al.,  2015, 2017). Once  excited,  the  global-scale  waves  propag-

ate zonally  and  vertically,  and  they  transport  energy  and  mo-

mentum away  from  the  wave  source.  Therefore,  tides  can  be  re-

garded as waves traveling in the zonal and vertical directions ac-

cording  to  the  following  trigonometric  function  (Wu  ZP  et  al.,

2015, 2020):

Φ (λ, θ, p, t) = ∑
σ,s

Φσ,s (θ, p) cos (σt − sλ + φσ,s) , (1)

Φ

Φσ,s (θ, p) φσ,s

where  can be temperature, wind, density, or the abundance of

aerosols; λ, θ, p, and t are longitude, latitude, pressure, and univer-

sal time (UT, an LT of 0° longitude), with λ and t in units of radians;

σ is the harmonic number (1 indicates diurnal, 2 indicates semidi-

urnal); s is the zonal wavenumber, where positive s indicates east-

ward  propagation  and  negative s indicates westward  propaga-

tion; and  and  are the amplitude and phase of a cer-

tain wave mode (σ, s). The (1, −1) mode, also known as the migrat-

t̂ = t + λ

t̂

t̂

ing diurnal tide (DW1), is one of the most important tides on Mars.
It was also found to be the dominant wave mode in the southern
hemisphere during major dust storms (Guzewich et al.,  2014; Wu
ZP et al.,  2020).  The DW1 propagates westward at a phase speed
the same as the subsolar point. This can also be recognized if we
substitute  (1,  −1)  into σt−sλ and  get t + λ, which  is  the  same  ex-
pression for LT  from UT t. In other words, the zonal migra-
tion of the meteorological fields (e.g., the horizontal wind and wa-
ter vapor) dominated by the DW1 is dependent on only one vari-
able,  namely,  the  LT,  as  shown in Figure  2.  The  fields  in Figure  2
are  located  at  the  same  solar  longitude  and  pressure  level  as
those in Supplementary Fig. 10a, 10b of Wu ZP et al. (2020), which
they  demonstrated  are  dominated  by  the  DW1.  The  direction  of
the winds at  mid- to low latitudes of  the southern hemisphere is
equatorward  around  midnight  and  poleward  around  noon,
coupled  as  well  with  the  transport  of  global  water  vapor
(Figure 2a–2d). Their spatial distribution patterns at the same LT 
remain almost unchanged, exhibiting significant diurnal variation.
Note that the LT  is equivalent to the longitude λ at 0 UT. There-
fore, the amplitude and phase of the diurnal tide can be determ-
ined by applying a nonlinear least-squares fit  to the global distri-
butions of the meteorological fields at 0 UT, as shown in Figure 2a,
with the following function (Wu ZP et al., 2015, 2017):

Φ (θ, p) ≈ Φ1,−1 (θ, p) cos (λ + φ1,−1) + C, (2)

Φ1,−1 φ1,−1where  and  are the amplitude and phase of the DW1 and
C represents the background on which the DW1 component is su-
perimposed. Hereafter  in  this  work,  all  the  statistics  for  and  ana-
lyses  of  the  amplitude  and  phase  of  the  DW1  are  based  on  the
global distributions of the corresponding meteorological fields at
0 UT.

3.  Results

3.1  Diurnal Motion of Water Vapor Induced by the Tidal

Meridional Winds
To quantitatively determine the characteristics of the diurnal mo-
tion  of  water  vapor  and  its  relationship  to  the  meridional  tidal
wind,  the  DW1  amplitudes  and  phases  were  calculated  by  using
the  method  described  in  Section  2.3.  Taking  the  situation  in
Figure 2a as  an example,  we show the meridional  distribution of
the  amplitudes  and  phases  of  the  diurnal  components  of  water
vapor and meridional wind (hereafter referred to as the water va-
por DW1 and meridional wind DW1) in Figure 3.

The water vapor abundance shows a sharp gradient and forms a
water  vapor  front  at  mid-  to  high  latitudes  (Figure  3a), a  phe-
nomenon  similar  to  the  dust  front  described  by Wu  ZP  et  al.
(2020).  The  water  vapor  front  has  a  clear  trigonometric-function
pattern versus longitude (shown as the yellow ribbon). Wu ZP et
al.  (2020) suggested that  the  atmosphere  in  the  upper  tropo-
sphere at southern mid- to high latitudes is dominated by a hori-
zontal  motion  during  major  dust  storms  and  that  this  horizontal
motion is  the  main  cause  of  the  strong  diurnal  variation  in  air-
borne dust and water vapor (also shown in Figure 1). As expected,
the  peak  amplitude  of  the  water  vapor  DW1  is  located  at  ~63°S
(Figure 3c), near the central latitude of the water vapor front (i.e.,
the  averaging latitude of  the  yellow ribbon).  The central  latitude

Table 1.   The chosen Ls duration of all the major dust storms from
MYs 24 to 32.

Martian year
Ls duration

Global storm A storm C storm

24 — 225°–240° —

25 190°–250° — —

26 — 210°–230° 315°–325°

27 — 225°–245° 310°–320°

28 265°–305° — —

29 — 230°–250° 310°–325°

30 — 235°–250° 315°–325°

31 — 210°–230° 315°–325°

32 — 220°–235° 310°–325°
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Figure 2.   Diurnal variation of the horizontal wind fields (blue vectors) and water vapor distribution (colors) at 50 Pa, Ls of 225° in the southern

hemisphere during the A regional dust storm in MY 32. (a) 0 universal time (UT); (b) 6 UT; (c) 12 UT; (d) 18 UT. LT, local time.
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Figure 3.   Meridional variations of the DW1 phases (b) and amplitudes (c, d) of water vapor (solid lines in b and c) and meridional wind (dotted

lines in b and d) at 50 Pa, Ls of 225° during the A regional dust storm in MY 32 (a).
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of the water vapor front is dependent on the meridional distribu-

tion  of  the  water  vapor,  which  is  seasonally  varied,  as  discussed

later in Section 4.

The phases of the meridional wind DW1 and the water vapor DW1

are defined as the longitude (or the corresponding LT when UT =

0)  of  the  maximum  northward  wind  and  minimum  water  vapor,

respectively.  As  shown in Figure  3b,  the  phase  of  the  meridional

wind  DW1  is  near  0°  longitude  (0  LT)  with  a  slight  latitudinal

change. This phase corresponds to the wind vector distribution in

Figure 2a, showing that the direction of the wind is equatorward

around midnight and poleward around noon. This wind pattern is

dominated by the DW1 tide, and the thermal dynamic process be-

hind it can be accurately described by classical tidal theory (Chap-

man  and  Lindzen,  1970; She  CY  et  al.,  2016; Wu  ZP  et  al.,  2020).

The  phase  of  the  water  vapor  DW1  is  relatively  complicated.  At

mid-  to  high  latitudes  where  the  amplitude  of  the  water  vapor

DW1  is  large  (40°S–70°S),  the  phase  of  the  water  vapor  DW1  is

around 90° longitude (6 LT),  lagging the phase of  the meridional

wind DW1 by one-fourth of  the DW1 period.  This  result  provides

strong  evidence  that  the  diurnal  variation  of  the  water  vapor  is

mainly caused  by  the  meridional  wind  DW1.  The  phase  relation-

ship between the meridional wind and water vapor can be under-

stood  more  intuitively  by  focusing  on  the  latitude  where  the

strongest  diurnal  variation  of  water  vapor  occurs,  namely,  the

central latitude of the water vapor front.

π/2

The first and primary step in determining the water vapor front is

to  find  the  typical  water  vapor  abundance  at  the  water  vapor

front.  This  can  be  identified  as  the  value  at  the  latitude  of  the

sharpest latitudinal gradient of the water vapor abundance. Here,

under the circumstance that the diurnal variation of water vapor is

caused by the diurnal meridional motion, it is also appropriate to

use  the  background  constant C in  Equation  (2)  at  the  latitude  of

the peak amplitude of the water vapor DW1 as the typical value of

the water vapor front. We can then locate the latitude of the typic-

al water vapor abundance for each longitude and obtain a 1-D lat-

itude array representing the location of the water vapor front. Fi-

nally, the nonlinear least-squares fit with Equation (2) is applied to

this latitude array to obtain the amplitude and phase of the water

vapor front DW1, which describes the characteristics of the meri-

dionally diurnal motion of the water vapor front. The phase of the

water vapor front DW1 is defined as the longitude (or the corres-

ponding LT when UT = 0) when the water vapor front reaches the

northernmost  point.  The  black  line  in Figure  3a shows  the  fitted

water  vapor  front  when  using  the  procedure  described  above.

The  fitted  water  vapor  front  matches  the  yellow  ribbon  pattern

well.  As  expected,  the  phase  of  the  water  vapor  front  DW1  also

lags  behind  that  of  the  meridional  wind  DW1  by  roughly  one-

fourth of the DW1 period (not shown). To illustrate the phase dif-

ference,  we  can  choose  a  water  vapor  parcel  at  the  water  vapor

front and consider only its meridional motion with the meridional

wind.  The  speed  variation  of  this  parcel  should  then  be  in  the

form of a cosine function at a period of one sol. Therefore, the dis-

placement of the water vapor parcel can be simplified as an integ-

ration of the speed cosine function, which lags just  radian in

phase (corresponding to 6 hours or 90° longitude for the DW1). In

contrast, the zonal transport of water vapor by the zonal wind —

not only the tidal wind but also the thermal gradient wind (Wu ZP
et al., 2020) — can modulate the integration time of the meridion-
al  motion and thus  alter  the  magnitude and shape of  the  cosine
pattern  of  the  water  vapor  front.  However,  because  the  zonal
wind during regional dust storms (usually below 80 m/s at 50 Pa)
is  moderate  compared  with  the  horizontal  phase  speed
(~250 m/s) of the DW1, the distortion of the cosine pattern is lim-
ited, as shown in Figure 2. In the following sections, the diagnost-
ic  procedures  described  above  are  performed  on  all  the  major
dust storms from MYs 24 to 32 for further analysis.

3.2  Diurnal Variations of the Water Vapor During All the
Major Dust Storms

Wu ZP et al. (2020) clearly showed the diurnal motion of water va-
por in the southern hemisphere during an A-season regional dust
storm in MY 32 (see also Figures 1 and 2 in this work) and a global
dust storm  in  MY  28.  In  this  section,  we  investigate  this  phe-
nomenon  from  a  broader  perspective  to  determine  whether  the
diurnal variation of water vapor is prominent during all the major
dust storms.

Note  that  the  period  when  each  storm  occurs  contains  three
phases:  the  rising,  peak,  and  ending  phases.  The  atmospheric
temperature  at  50  Pa  usually  increases  rapidly  at  the  onset,
reaches  the  highest  point  at  the  peak  time,  and  then  decreases
slowly at the ending phase (Kass et al.,  2016). In this work, we fo-
cus on the general relationship between the meridional wind and
water  vapor  distribution  of  multiple  major  dust  storms  and  thus
disregard  the  detailed  evolution  of  a  certain  event.  First,  the Ls

range for  each  dust  storm  is  roughly  defined  based  on  the  tem-
poral  information  from Kass  et  al.  (2016) and Montabone  et  al.
(2015).  We  then  manually  check  whether  the  pattern  of  diurnal
motion of  the  water  vapor  shown in Figure  2 or 3a is  prominent
throughout this Ls range. This is  done to ensure (1) that the peri-
od of the simulated dust storm matches the observed period and
(2) that the horizontal diurnal motion of water vapor occurs over
the  entire  period  of  a  major  dust  storm.  Generally,  our  manual
check confirmed  that  the  simulated  diurnal  motion  of  water  va-
por  occurs  during  the  entire  period  of  the  observed  dust  storm.
However,  the  extent  of  the  diurnal  motion  during  the  ending
phase of  each dust  storm remains  small  and nearly  the same.  As
indicated  in  the  supporting  file  of Kass  et  al.  (2016),  the  rising
phase of a major dust storm is usually much shorter than the end-
ing phase. Thus, if the entire period of a dust storm was sampled,
the  large  number  of  samples  in  the  ending  phase  would  have  a
weak  effect  and  nearly  the  same  extent  of  water  vapor  diurnal
motion.  However,  statistical  analysis  of  the  relationship  between
the meridionally diurnal motion of the water vapor front and the
meridional  tidal  wind  requires  strong  sampling  diversity,  which
would  be  weakened  by  a  surplus  of  similar  samples.  Conse-
quently, we chose to sample the entire rising phase and the peak
time of a dust storm but to partially sample its ending phase (less
than half of the ending phase in some cases). The chosen periods
of all the major dust storms from MYs 24 to 32 are listed in Table 1.
By uniformly sampling the chosen Ls duration of the dust storms,
we  included  nearly  all  three  phases  in  our  statistics.  Specifically,
8–10  samples  were  chosen  for  the  global  dust  storms,  5–6  were
chosen  for  the  A  regional  dust  storms,  and  3–4  were  chosen  for
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the  C  regional  dust  storms.  Consequently,  the  variations  in  the

meridional  wind  and  water  vapor  across  nearly  the  entire  dust

storm phase would be represented in the results.

Approximately  70  samples  (each  corresponding  to  an Ls)  were

used in  our  investigation.  In  general,  the  pattern  of  diurnal  vari-

ation is prominent in nearly all  of them. Figure 4 presents typical

examples of diurnal variation chosen for different A and C region-

al and  global  dust  storms.  The  results  show  similar  diurnal  pat-

terns  in  the  wind  and  water  vapor  fields  in  all  other  major  dust

storms, such as those in MY 32 (Figures 2a, 3a). Using the method

of  determining  the  water  vapor  front  described  in  the  previous

section,  we also located the water  vapor  fronts,  as  shown by the

black lines  for  all  the  examples.  The  magnitudes  of  diurnal  vari-

ation in the meridional wind and water vapor fields differ for dif-

ferent dust storms. Specifically, the diurnal variations during glob-
al  dust  storms (Figures 4k, 4l) are much stronger than those dur-

ing regional  dust  storms (Figures  4a–4j)  when their  wind vectors
and water vapor fronts are compared. Figure 4a–4j are sorted by
Ls. By comparing different Ls and different MYs, we found season-

al  and  interannual  variations  in  the  water  vapor  abundance  and
the central latitude of the water vapor front.

3.3  Correlation Between Water Transport and the

Meridional Wind
As discussed in Section 3.1, the water vapor near the water vapor
front usually exhibits the most prominent diurnal variation in the
meridional direction, which makes the water vapor front the ideal

location  for  a  quantitative  investigation  of  the  relationship
between the meridional wind and the corresponding water vapor
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Figure 4.   Typical diurnal variations in the water vapor (color) and wind fields (vectors) during multiple major dust storms. Panels (a)–(j) are

during regional dust storms (RDS) in order of Ls, in which panels (a)–(g) are during A regional dust storms and panels (h)–(j) are during C regional

dust storms. Panels (k) and (l) are during global dust storms (GDS). Note that the regional dust storms and global dust storms are represented by

different color bar ranges. The blank areas in some of the plots are beyond the color bar range. The black curve in each plot represents the fitted

water vapor front.
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transport. In this section, we discuss the statistical and correlation

analyses that were performed for the water vapor abundance–wa-

ter  vapor  front  DW1  and  the  meridional  wind  DW1.  Specifically,

the  amplitude  correlation  analysis  included  (1)  the  relationship

between the amplitude of the water vapor front DW1 (described

in Section 3.1, in units of latitude degrees (°)) and the amplitude of

the meridional wind DW1 (in units of m/s) at the central latitude of

the corresponding water vapor front, (2) the relationship between

the amplitude of the water vapor abundance DW1 (e.g., the max-

imum in Figure 3c, in units of mol/mol), and the amplitude of the

meridional wind DW1, both at the central latitude of the water va-

por front.  The results  of  the  amplitude correlation analysis  are  il-

lustrated in scatter diagrams (Figures 5 and 7). For the phase cor-

relation  analysis,  the  statistical  results  of  the  phase  differences

between the water vapor abundance–water vapor front DW1 and

the meridional wind DW1 are shown in Figure 6.

Before the  analysis,  all  the  samples  were  divided  into  three  latit-

ude  zones  (high  latitudes  [–90°,  –60°],  middle  latitudes  [–60°,

–30°], and low latitudes [north of –30°]) based on the central latit-

ude of the water vapor front. As shown in Figure 5, the water va-

por fronts  of  different  types  of  dust  storms  tended  to  be  distrib-

uted in different latitudes, with middle to high latitudes for the A

regional  storms,  middle  latitudes  for  the  C  regional  storms,  and

high or  low  latitudes  for  the  global  storms.  This  tendency  is  re-

lated to the season in which different  dust  storms occur  and the

corresponding  meridional  distribution  of  water  vapor,  which  are

discussed in Section 4. As shown in Figure 5, the maximum meri-

dional  motion  range  within  one  sol  of  the  water  vapor  front  (2×

the amplitude of the water vapor front DW1) varies with different

latitude  zones  as  well,  specifically  10°–25°  for  the  middle-  and

high-latitude  zones  and  30°–60°  for  the  low-latitude  zones.  Note

that the median meridional motion range of the A regional storms

is ~15° (as is this case in Figure 1). This value closely matches the

meridional  motion range of  the dust  front in the A regional  dust

storm of MY 33 observed by Wu ZP et al. (2020).

Under the ideal condition that water vapor is transported meridi-

onally only by the meridional wind DW1, the amplitude of the wa-

ter vapor front DW1 should be positively correlated with the amp-

litude  of  the  meridional  wind  DW1.  Given  that  the  amplitude  of

the  meridional  wind  DW1  across  the  entire  meridional  motion

range  of  the  water  vapor  front  within  one  sol  is  constant  and

equals  the  value  at  the  central  latitude  of  the  water  vapor  front,

the  ratio  between  the  amplitude  of  the  water  vapor  front  DW1

and the  amplitude  of  the  meridional  wind  DW1  could  be  com-

puted as ~0.24. As shown in Figure 5, a strong positive correlation

was  found  between  the  mid-latitude  A  regional  dust  storm

(Figure 5e) and the high-latitude global dust storm (Figure 5d). In

these  two  cases,  the  amplitude  of  the  water  vapor  front  DW1

shows an increase approximately proportional to the amplitude of

the meridional wind DW1, but with a different ratio. The mid-latit-

ude A regional dust storm has a ratio of 0.25, which is very close to

that under the ideal condition. However, the high-latitude global
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Figure 5.   Results of the statistical and correlation analyses for the amplitudes of the meridional wind DW1 (x-axis) and the amplitudes of the

water vapor front DW1 (y-axis). The left, middle, and right columns correspond to latitude zones (–90°, –60°), (–60°, –30°), and (north of –30°). The

blue, green, and red crosses represent A and C regional and global dust storms, respectively. Panels (d), (e), and (f) show results of the linear

regression analysis for panels (a), (b), and (c), respectively. Note that the results of the linear regression analysis shown here do not include every

type of dust storm.
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Figure 6.   Phase differences of all the examples versus Ls for (a–c) the water vapor front DW1–meridional wind DW1; (d–f) the water vapor
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Figure 7.   Same as Figure 5 but for the amplitudes of the meridional wind DW1 (x-axis) and amplitudes of the water vapor abundance DW1 (y-

axis).
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dust storm has a smaller coefficient of 0.14. This result is probably

due to the much higher speed (up to 160 m/s) of the zonal wind

at high latitudes during global dust storms (refer to the vectors in

Figure  4k, 4l)  because  the  strong  zonal  wind  can  greatly  reduce

the  integration  time  for  the  meridional  wind  DW1  and  thus

shorten the  meridional  motion.  In  contrast,  the  phase  relation-

ship  statistics  show  that  the  water  vapor  front  DW1  lags  behind

the meridional wind DW1 by ~90° (one-fourth of the DW1 period)

in both cases shown in Figure 6a and 6b. This  result  further con-

firms the dominant role of the meridional wind DW1 in transport-

ing water vapor meridionally.

Apart from these two cases,  however,  other  cases show no obvi-

ous  positive  correlation  in  amplitude.  In  addition,  the  90°  lag  in

phase relationship is not well satisfied in most cases except for the

low-latitude global dust storm (Figure 6a–6c). The high-latitude A

regional dust storms (blue crosses in Figure 5a) have smaller amp-

litudes of  the  meridional  wind  DW1  than  those  at  middle  latit-

udes, but they still retain moderate amplitudes of the water vapor

front DW1, which suggests that other processes, such as the polar

vortex, may dominate at high latitudes (Kleinböhl et al., 2020). Re-

garding  the  low-latitude  global  dust  storms  (Figure  5c),  two

factors should be considered. First, the maximum meridional mo-

tion range within one sol is  so large (up to 60°) that the assump-

tion of using the amplitude of the constant meridional wind DW1

for the entire meridional motion range could cause nonnegligible

bias.  Second,  the  vertical  motion  induced  by  thermal  tides  and

slope winds at low latitudes is much stronger than the motion at

the southern mid- to high latitudes (Guzewich et  al.,  2013; Heav-

ens et al., 2014; Wu ZP et al., 2020), which complicates the diurnal

variation of  water vapor in the low latitudes.  The middle-latitude

C regional dust storms (Figure 5b) also indicate that the meridion-

al wind DW1 has a weak effect on the motion of water vapor. The

amplitude of the water vapor front varies from 5° to 10° latitude,

whereas  the  amplitude  of  the  meridional  wind  DW1  remains

small,  at  ~32  m/s.  Because  the  C  dust  storm  is  shorter  and  has  a

weaker thermal impact than the A storm (Kass et al., 2016; Wu ZP

et al., 2020), the DW1 tide in the C storm is expected to be smaller

as well (compare Figure 9 with Figure 3). As a result, the distribu-

tion of water vapor may not be dominated by the DW1 tide. This

is reflected in the irregular trigonometric-function pattern for wa-

ter  vapor  abundance  (shown  as  the  yellow  ribbon  in Figure  9a).

Smaller waves are superimposed on the DW1 wave pattern, which

indicates  the  existence  of  other  tidal  or  planetary  waves  with

shorter  zonal  wavelengths.  Consequently,  the  fitted  water  vapor

front shown by the black curve does not match the irregular wave

pattern well.

The amplitude relationship between the water  vapor abundance

DW1 and the meridional wind DW1, both at the central latitude of

the water vapor front, is shown in Figure 7. A strong positive cor-

relation  in  amplitude  was  not  found  across  all  types  of  dust

storms.  However,  the  phase  relationship  statistic  showed  results

similar to those between the water vapor front DW1 and the meri-

dional wind DW1 (compare Figure 6a, 6b and Figure 6d, 6e).  The

seeming  contradiction  for  the  low-latitude  global  dust  storm

shown in Figure 6c and 6f is due to the meridional gradient direc-

tion of the water vapor abundance. In Figure 4c and Figure 4l, for

example, the water vapor tends to concentrate in the mid- to low
latitudes during A regional dust storms (Figure 4c) but to concen-
trate  in  the  mid-  to  high  latitudes  during  the  MY  28  global  dust
storm  (Figure  4l).  Consequently,  the  water  vapor  abundance  to
the north of the water vapor front is larger than that to the south,
as shown in Figure 4c, whereas the opposite is the case in Figure 4l.
Therefore, the water vapor abundance DW1 in the two examples
above are opposite in phase, whereas the water vapor front DW1
in them are in-phase. In short, the phase relationship for water va-
por  abundance  is  in  accord  with  that  for  the  water  vapor  front,
which  can  be  treated  as  evidence  for  tidal-driven  water  vapor
transport. However, the irregular amplitude relationship indicates
that processes other than the meridional wind should also be con-
sidered.

Unlike the water vapor front, which represents the relative meridi-
onal  change  in  water  vapor,  the  water  vapor  abundance  DW1  is
more sensitive to the absolute change in water vapor,  which can
be  affected  by  several  factors.  Whereas  the  overall  water  ice
abundance is smaller than that of water vapor by an order of mag-
nitude, the local day–night phase transition between water vapor
and  water  ice  caused  by  the  temperature  DW1  may  still  induce
nonnegligible  biases.  To  examine  this  effect,  we  considered  the
total water  content  (sum of  water  vapor and water  ice)  and con-
ducted the same amplitude correlation analysis as above. The res-
ult for the water content front DW1 (not shown) is similar to that
for the water vapor front DW1 (Figure 5), indicating the insensitiv-
ity of the “front,” which is a relative quantity.  In contrast,  the res-
ult  for  the  total  water  content  abundance  DW1  shows  a  clearer
positive  correlation  in  the  middle-latitude  A  regional  storm
(Figure  8e)  than  that  for  the  water  vapor  abundance  DW1
(Figure 7e). Compared with the influence of the diurnal varied wa-
ter  phase  transition,  the  variation  in  water  vapor  over  a  longer
time  scale  may  be  more  prominent.  For  example,  the  amplitude
relationships  of  the  high-latitude  global  dust  storms  shown  in
Figures  5d, 7d,  and 8d are  all  examples  during  the  MY  25  global
dust  storm  from Ls of  190°  to  250°  (refer  to  the Ls ranges  in
Figure  6a, 6d). The  seasonal  variation  in  the  water  vapor  abund-
ance at high latitudes at this long time scale can be up to one or-
der  of  magnitude  (Figure  10).  Thus,  the  aliasing  of  the  seasonal
variation can cause huge biases to the results for the amplitude of
abundance shown in Figures 7d and 8d.

In this section, we provide the results of the statistical and correla-
tion  analyses  for  the  water  vapor  abundance–water  vapor  front
DW1  and  the  meridional  wind  DW1.  The  phase  relationship
between them provides direct evidence for the tidally driven me-
ridional transport of water vapor in the middle-latitude A regional
dust storms and in the high-latitude and low-latitude global dust
storms. Regarding the amplitude relationship, the relative quant-
ity  —  the  amplitude  of  the  water  vapor  front  DW1  —  shows  a
clear  positive  correlation  with  the  amplitude  of  the  meridional
wind  DW1,  whereas  the  absolute  quantity  —  the  water  vapor
abundance — is more sensitive to other factors.

4.  Discussion — Effect of the Tidal Transport of Water

Vapor in Different Seasons
As described in Section 3, the diurnal motion of water vapor asso-
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Figure 8.   Same as Figure 5 but for the amplitudes of the meridional wind DW1 (x-axis) and amplitudes of the total water content abundance

DW1 (y-axis).
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Figure 9.   Latitudinal variations of the DW1 amplitudes (c, d) and phases (b) of water vapor (solid lines in b and c) and meridional wind (dotted

lines in b and d) at 50 Pa, Ls of 315° during a C regional dust storm in MY 32. The black curve in (a) represents the fitted water vapor front.

560 Earth and Planetary Physics       doi: 10.26464/epp2020062

 

 
Li J and Wu ZP et al.: Diurnal transport of Martian water vapor

 



ciated  with  the  meridional  wind  DW1  is  common  during  major

dust storms. Compared with the water vapor abundance, the wa-

ter  vapor  front  is  more  representative  of  meridional  water  vapor

transport. A water vapor front can be regarded as a meridional in-

terface  between  high  and  low  water  vapor  zones  (Figures  1 and

3),  which are highly dependent on the meridional  distribution of

water vapor. Because the different types of major dust storms usu-

ally occur in different seasons (Table 1), the latitudinal variation of

the water vapor front during different dust storms (Figure 4) is re-

lated to seasonal variation in the water vapor distribution. There-

fore,  the  effect  of  the  tidal  transport  of  water  vapor  should  vary

with the types of dust storms in different seasons.

The  “climatology”  dust  scenario  in  the  MCD  is  derived  from  the

available  observations  of  dust  from  MYs  24  to  32  without  global

dust storms. Thus, the results of the climatology scenario can rep-

resent  the  average  atmospheric  state  in  multiple  MYs.  Here  we

show the seasonal variation in the water vapor distribution at 50

Pa from the climatology scenario  of  MCD 5.3  in Figure 10.  Water

vapor is mainly concentrated at low latitudes at the beginning of

the southern spring (Ls of 180°), but it gradually moves southward

as the dust  storm season begins and covers  the middle latitudes

from Ls of  ~240°.  During  the  southern  summertime  (Ls of

~250°–310°),  the  water  vapor  increases  rapidly  at  high  latitudes

because  of  sublimation  of  the  water  ice  in  the  polar  caps

(Trokhimovskiy et al.,  2015),  and it  forms a peak two times larger

than that at the mid- to low latitudes. After the southern summer

solstice,  the  water  vapor  begins  to  move  northward  from  the

middle  latitudes  and  concentrates  again  at  low  latitudes  during

the southern fall equinox. The seasonal variation of water vapor in

Figure  10 was  also  found  in  previous  observational  studies  (Fe-

dorova et al., 2006; Trokhimovskiy et al., 2015). All the central latit-

udes of water vapor fronts during nonglobal dust storms (shown

by blue and green crosses in Figure 10) are near the border of the

area of high water vapor abundance (between the yellow and cy-

an areas). Thus, the central latitude of the water vapor front for a

certain  example  is  related  to  its  corresponding Ls (Figure  4).  In

contrast,  considering  the  limited  amplitude  of  the  water  vapor

front DW1  (no  more  than  10°),  the  tidally  driven  meridionally  di-

urnal motion of water vapor during the non-dust-storm condition

induces  only  a  limited  change  to  the  meridional  distribution  of

water vapor from its climate state.

In contrast, the water vapor front during global dust storms is far

away from the climatological border of the area of high water va-

por  abundance.  The  two  global  dust  storms  in  our  analysis  can

further be divided into two types: the southern spring global dust

storm (Ls of 190°–250° in MY 25) and the southern summer global

dust storm (Ls of 265°–305° in MY 28).  As shown in Figure 10, the

water  vapor  fronts  during  the  MY  28  southern  summer  global

dust storm are mostly distributed at low latitudes, very far north of

the  climatological  border  of  the  high  water  vapor  area,  whereas

those during the MY 25 southern spring global dust storm are dis-

tributed at high latitudes, far south of the climatological water va-

por border. Typical examples of the diurnal variations in water va-

por and wind fields during these two types of global dust storms

are  shown  in Figure  4k and 4l.  To  make  the  transport  process

clearer,  we  abstracted Figure  4k and 4l as  the  concept  diagram

shown  in Figure  11.  During  the  MY  28  global  dust  storm

(Figure 11b), the nightside tidal wind is able to transport water va-

por from  the  high-latitude  reservoir  all  the  way  to  the  low  latit-

udes. As Wu ZP et al. (2020) discussed, in the period from noon to

early  afternoon  (10:00–15:00  LT),  when  dusty  deep  convection  is

expected  to  be  the  strongest,  the  water  vapor  is  retreating  to

higher latitudes from the equatorial region driven by the daytime

southward  tidal  wind.  In  the  intervening  time,  a  considerable

amount  of  water  still  remains  in  the  mid-  to  low  latitudes  (0°  to

60°S), which makes it highly susceptible to lifting by deep convec-

tion. However, the situation in the MY 25 global dust storm shown

in Figure  11a behaves  to  the  contrary.  The  daytime  tidal  wind
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Figure 10.   Climatology of the zonal mean water vapor abundance and the water vapor front distribution in different types of dust storms at 50

Pa in the southern hemisphere during the dust storm seasons (180°–360°). The blue, green, and red crosses represent the central latitudes of the

water vapor front for samples of the A and C regional and global dust storms, respectively.
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transports water vapor from the mid- to low latitudes southward
toward the high latitudes. Because deep convection occurs mainly
at  the  mid-  to  low  latitudes  (Wang  C  et  al.,  2018; Heavens  et  al.,
2019), this process decreases the water vapor abundance that can
be lifted by deep convection.

In  general,  the  meridional  tidal  wind  during  global  dust  storms
can  help  spread  water  vapor  from  areas  of  higher  abundance  to
areas of lower abundance, but in different directions for different
global  dust  storms.  Consequently,  the  MY  28  southern  summer
global dust  storm increases  the abundance of  daytime water  va-
por  at  the  mid-  to  low  latitudes,  whereas  the  MY  25  southern
spring  global  dust  storm  decreases  it.  Eventually,  the  coupling
between  tidal  transport  and  deep  convection  during  the  two
global dust storms causes completely opposite effects on Martian
water escape.

5.  Concluding Remarks
Recent observations of the water vapor abundance in the Martian
atmosphere have  revealed  an  increase  in  atmospheric  water  va-
por at altitudes as high as 80 kilometers during major dust storms
(Heavens  et  al.,  2018; Vandaele  et  al.,  2019).  Such  high-altitude

water  vapor is  thought to be lifted by a  strong,  deep convection
process under dust storm conditions (Heavens et al.,  2018, 2019).
Wu ZP et al. (2020) proposed that during the global dust storm in
MY  28,  water  vapor  from  the  southern  polar  reservoir  can  be
transported by the tidal wind to the mid- to low latitudes and lif-
ted to  high  altitudes  by  deep  convection.  The  positive  perform-
ance  of  the  MCD  in  short-period  atmospheric  dynamics  during
major dust storms offers the opportunity to systematically invest-
igate tidally driven water vapor transport.

In this work, a pre-research study was conducted on the horizont-
al  transport  of  water  vapor  during  various  major  dust  storms
based on MCD 5.3. We investigated the horizontal motion of wa-
ter vapor and its relationship to the meridional tidal wind in all the
major dust storms from MYs 24 to 32. Similar to the commonly ex-
isting  dust  tides,  a  westward-propagating  diurnal  pattern  in  the
water  vapor  front  is  prominent  during  nearly  all  the  major  dust
storms. To  quantitatively  determine  the  characteristics  of  the  di-
urnal motion of water vapor and its relationship to the tidal meri-
dional winds, we used the nonlinear least-squares fit procedure to
calculate the amplitudes and phases of the DW1. Under the ideal
assumption that  water  vapor  is  transported only  meridionally  by
the meridional  wind  DW1,  the  phase  of  the  water  vapor  abund-
ance–water vapor front DW1 should lag behind the phase of the
meridional  wind  DW1  by  roughly  one-fourth  of  the  DW1  period,
and the amplitude of the water vapor front DW1 should be posit-
ively  correlated  with  the  amplitude  of  the  meridional  wind  DW1
by a  proportional  coefficient  of  ~0.24°/(m/s).  With  these  two  cri-
teria, we conducted statistical and correlation analyses for the wa-
ter vapor abundance–water vapor front DW1 and the meridional
wind  DW1  based  on  ~70  samples  collected  during  major  dust
storms.  Before  the  analysis,  all  the  samples  were  grouped  into
three  latitude  zones  (high  latitudes  [–90°,  –60°],  middle  latitudes
[–60°, –30°], and low latitudes [north of –30°]) based on the cent-
ral  latitude  of  the  water  vapor  front.  The  phase  relationship
between the water vapor abundance–water vapor front DW1 and
the  meridional  wind  DW1  in  middle-latitude  A  regional  dust
storms and high-latitude and low-latitude global dust storms sat-
isfies the phase-lagging criterion well, which provides direct evid-
ence for  tidally  driven  meridional  transport  of  water  vapor.  Re-
garding  its  relationship  with  amplitude,  the  water  vapor  front
DW1  has  a  more  positive  correlation  with  the  meridional  wind
DW1, but the water vapor abundance DW1 does not because it is
sensitive to other factors, such as the phase transition with water
ice,  the  vertical  transport  effect,  and  the  aliasing  of  its  seasonal
variation.  Neither  the  amplitude nor  phase  relationship  for  the  C
regional  dust  storms is  able  to  satisfy  the  criteria,  indicating that
other processes, such as tidal or planetary waves with shorter zon-
al wavelengths, may be as important as the migrating diurnal tide
during C regional dust storms.

The latitudinal variation of the water vapor front during different
dust storms is related to seasonal variation in the spatial distribu-
tion of water vapor.  Therefore,  the effect of the tidal  transport of
water  vapor  should  vary  with  the  type  of  dust  storm  in  different
seasons. Our analysis suggests that the tidal transport of water va-
por during regional dust storms induces only a limited change to
the  meridional  distribution  of  water  vapor  from  its  climate  state,
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Figure 11.   Conceptual diagram of the possible coupling process

between horizontal tidal transport and vertical deep convection

during (a) the MY 25 southern spring global dust storm and (b) the MY

28 southern summer global dust storm. The black dashed and solid

lines indicate the water vapor front during the non-dust-storm

condition and the global dust storm condition, respectively. The

dense and sparse gray dots represent the relatively higher and lower

concentrations of water vapor in the non-dust-storm versus global

dust storm condition, respectively. The gray vectors represent the

diurnal wind pattern. The red box shows the rough latitude (0°–60°S)

and local time range (10:00–15:00 LT) where deep convection

activities (vertical art vectors) are mostly expected to occur, based on

Wang C et al. (2018) and Heavens et al. (2019).
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whereas  the  tidal  transport  of  water  vapor  during  global  dust
storms can help spread water vapor from areas of higher abund-
ance to areas of lower abundance. The water vapor abundance at
mid- to low latitudes is susceptible to lifting by deep convection,
which  is  directly  linked  to  Martian  water  escape  (Heavens  et  al.,
2019).  Because  the  tidal  wind  in  the  MY  28  southern  summer
global  dust  storm  tends  to  increase  the  abundance  of  daytime
water vapor at the mid- to low latitudes whereas that in the MY 25
southern spring global dust storm decreases it, the tidal transport
process  during  these  two  types  of  global  dust  storms  can  cause
opposite effects on Mars water escape.

Measurements  for  vertical  profiles  of  water  vapor  in  the  Martian
middle atmosphere are rare, especially for global dust storms. Re-
cent  studies  based  on  observational  data  have  revealed  a  rapid
and significant  increase  in  water  vapor  at  altitudes  as  high as  80
km during the MY 28 and MY 34 global dust storms (Fedorova et
al., 2018; Heavens et al., 2018; Vandaele et al., 2019). Although the
data were  collected  by  different  instruments  and  associated  re-
trieval procedures, which reduces their reliability for a direct com-
parison,  it  is  still  intriguing that  the  observed mixing ratio  of  the
water vapor volume in the middle atmosphere during the MY 28
southern  summer  global  dust  storm  (shown  in Figure  6 by Fe-
dorova et al., 2018) is higher than that during the MY 34 southern
spring  global  dust  storm  (shown  in Figure  2 by Vandaele  et  al.,
2019)  by  an order  of  magnitude.  Whether  the coupling between
deep  convection  and  tidal  transport  would  make  a  difference  in
water  escape  during  different  global  dust  storms  is  presently  an
open question.  Further  observations  on  globally  diurnal  vari-
ations  in  water  vapor  during  major  dust  storms  on  Mars  are
needed in the future.
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