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Chapter 8 Discussion

8.1 Possible Feedback between Saltation Thresh-
old and Dust Storm Activity

It was shown that the interannual variability of the GDSs can be reproduced by the
LOM with stochastic forcing for a range of parameter values. Thus, the results of
the LOM simulations are consistent with the hypotheses of extrinsic irregularity. The
frequency and intensity of the storms depend on the values of the threshold friction
speed, the amplitude of the dust source, the standard deviation of the stochastic
process and the particle size distribution on the surface. The time and place of
occurrence of the GDSs and accompanying changes in the wind and temperature
fields are consistent with the observations. However, only one GDS can occur during
a year in the LOM, while observations suggest that there are years with two dust
storms.

Noise added to the LOM may represent random variations in the atmospheric
heating due to variations in albedo, thermal inertia, passage of a weather system,
and so on, or variations in the value of the threshold friction speed arising from
aeolian activity.

The response of the LOM to noise is similar in the cases when noise is added to
the temperature fields or to the threshold friction speed. However, noise added to the
amplitude of the surface dust source does not result in the interannual variability.

The occurrence of interannual variability in the LOM is very sensitive to the value
of the threshold friction speed. Changes of the order of several per cent in the values
of the threshold friction speed can lead to cessation of the interannual variability in
the occurrence of GDSs in the LOM. For the randomly varying threshold friction

speed the allowed variability is larger, but is still of the order of tens of per cent.
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Such a strong dependence on one parameter is quite suspicious. This could happen
if there is a feedback between the amplitude of the dust source sy or the standard
deviation of the random process and the threshold friction speed. If these parameters
decrease and increase together with the threshold friction speed, then the interannual
variability is possible in a wide range of parameters. For example, for the case shown
in Fig. 7.2, if the value of U} is lowered from 1.19 to 1.17, the number of storms
increases to 11 in 15 years, and for U; = 1.16 the GDSs occur every year. However,
if the amplitude of the dust source sy is decreased to a sufficiently smaller value, the
interannual variability is still possible even for U} = 1.16. Yet, such a dependence
is hard to justify. Another possibility involves a feedback between the value of the
threshold friction speed and atmospheric dust activity.

One can envision the following mechanism for the proposed feedback: increased
atmospheric activity and stronger winds lead to erosion and increase in roughness of
the surface, by exposing buried rocks, pebbles or other non-erodible particles. This in
turn leads to an increase of the threshold friction speed, due to aerodynamic sheltering
of the erodible particles by non-erodible roughness elements [GI85, p. 82-85]. On the
other hand, decreased atmospheric activity favors accumulation of sand (dust) and
decrease in surface roughness, leading to a decrease in the value of the threshold
friction speed. [GI85] give the following approximate relationship between the rough
surface threshold speed and roughness, derived from the wind tunnel experiments of
[LSS74]:

Ut/ Ut = 2D,/ z0) " (8.1)

where the subscript, R, refers to rough surface threshold, D, is particle diameter and
2o 18 equivalent roughness height. The equivalent roughness height 2, is the measure
of the surface roughness [GI85, GLLT92|. It is a function of the roughness element’s
shape, Reynolds number and the distance between the elements. For a quiescent sand
surface, zp is ~ 1/30 the sand particle diameter.

If the system is started with a low threshold friction speed, the GDSs follow each

year. Strong winds during the GDSs erode the surface and remove saltating particles
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so that the roughness of the surface and the threshold friction speed both increase.
The removed particles accumulate in the opposite hemisphere or at sites where GDS
initiation is inhibited. Observations by Pathfinder indicate that repeated burial and
exhumation of rocks has taken place at the landing site in the past [GB00]. The
threshold friction speed continues to increase until it reaches the critical value, at
which point interannual variability is possible.

After that, if there were no stabilizing process resupplying particles to eroding
sites from the sites of accumulation, the increase in threshold friction speed pushes
the system into the state without dust storms. On the other hand, if there is a
stabilizing process, like dust devils or local winds resupplying particles to the GDS
generating sites, a balance between erosion and resupply of particles may be reached.
If the system has a high threshold friction speed, there will be no GDSs and material
will build up, again supplied by dust devils or other mechanisms, until small rocks
are buried and the roughness of the surface is decreased. The threshold friction speed
decreases as well, which gives rise to the GDSs. In this case, the threshold wind speed

will always be close to the critical value for occurrence of GDSs.
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Appendix A Dust Transport Equation

Let us consider derivation of the dust transport Eq. (2.3) for the domain a of the
atmosphere (see Fig. 2.4). The goal is to express continuity Eq. (2.22) in terms of
average dust optical depths of the amospheric domains a, b, ¢ and d (Eq. (2.23)).
For simplicity, we will assume that p, = 0. Multiplying Eq. (2.22) by ¢* cosf and

integrating over domain a yields:

ot o= [L55mw) o

where the use of (2.8)-(2.9) was made. Integrating by part yields:

0 _ Ta go* 0 oY 0 [ Oy
_ 9y _ oy A2
o ol ( /,, P (q 3p>yzo dp /_ . (q 3p>p:ps/2 dy) (A2)

Equation (A.2) states that change of opical depth in the domain a is due to dust
fluxes through boundaries between a and b (first integral in Eq. (A.2)) and a and
d (second integral in Eq. (A.2)). Assuming that dust is distributed approximately

uniformly within a given domain, 7 can be expressed in terms of g as:

ps,rm
=~ " A.3

where T and q represent average optical depth and dust mixing ratio of a given domain.

It can be shown that the asymmetric part of the stream function ¢, does not
contribute to dust transport to domain a. Indeed, the flow assosiated with 1, does
not cross the vertical boundary between a and b, and the net transport through the

horizontal boundary between a and d is zero. Thus, 9 in Eq. (A.2) can be substituted
by s

07, a * _ _
37;5 - ;—d + 23:;7” ((q¢s)yzo N (q,(/}s)p:ps/Q) (A4)



97
The direction of the fluxes on the boundaries depends on the sign of ,. For
positive 1, (air rises in NH) the flux through boundary between a and b is from b to
a and the flux through boundary between a and d is from a to d. For negative s the

direction is reversed. Hence we arrive at the dust transport equation for domain a:

a a a 7 .
2 = 8 (7, — Ta) (1= 6) + 0ty (1 — 72)0 (A.5)
ot tq
where
0, s >0
5 = { v
L, P, <0,

and a = gv/2/psr2w.

Transport equations for domains b, ¢ and d are derived in an analogous way.
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Appendix B Heating Rate and Seasonal
Changes

The basis of the approach is the assumption that the atmosphere can be divided into
regions (a, b, ¢, d in Fig. 2.4) for which equilibrium temperatures depend only on the
amount of dust in the region and seasonal date. The data from [HLP82] allows one
to determine the functional dependence of the equilibrium atmospheric temperatures
in different regions of the atmosphere on the amount of the atmospheric dust. The
dependence of the radiative damping time ¢, on dust optical depth is approximated
based on the net heating calculations from [PHSL90]. The seasonal dependence is
obtained from a simple radiative model, discussed below. The desired equilibrium
temperatures for nonuniform dust distributions and different seasons are then calcu-
lated as a product of the function describing the dependence on the atmospheric dust
amount and the seasonally varying equilibrium temperatures for clear atmosphere.
First, the dependence on dust is discussed. The atmosphere was divided into four
domains, as before (see Fig. 2.4). It was assumed that for each domain one can
determine an average characteristic equilibrium temperature, denoted by T, T;?, T7
and T on Fig. 2.4. The LOM’s equilibrium temperatures can be expressed using the

just introduced characteristic equilibrium temperatures in the following way:

T, = (Te+Ty+T5+1T5) /4 (B.1)
T, = —(Tf—T; -T: +Ty) [4k (B.2)
T, = (TP+T¢-T; —T5) /4k (B.3)

where £ = 2/mw. The above expressions follow from the definition of the average
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characteristic equilibrium temperatures in the four boxes model:

2
T = / / TC¢dpdy
Lps JJa
Ty

T3

= T:v - kTTfS + kT:
= T: +kT;, + KT}
= T:v + kTTfS - kT:

= T, —kKI%, — kKT;

AN TN TN N
5 B 8@
N O Ot
S N N N

Due to its particular functional form T, does not enter into Egs. (B.1)-(B.3). Hence,

it was assumed that it changes in the same way as T/, since both of these functions

av?

are constant with height and symmetric relative to equator.
It was further assumed that the average temperatures in these four domains de-
pend on the season and the average dust optical depth in the domains in the following

way:

T3(1) = T5(0)fa(7a) (B.8)
Ti(n) = Ty(0)fs(m) (B.9)
Ti(re) = T7(0)fe(re) (B.10)
T§(ra) = T3(0)fa(7a) (B.11)

where T2(0) is the equilibrium temperature of the ith domain for clear condition (i
being, as before, one of the subscripts a, b, c or d). Tf(0) is seasonally varying, while
fi(mi) is varying both with dust and season (see below). The functions f;(7;) were

assumed to have the following form:

(1 — gie™™)

film) = 1— g

(B.12)

where the coefficients ¢; and s; were determind from [HLP82] by fitting the values
of the average characteristic temperatures T} for given 7;. Coefficients g; and s; are
given in Table 2.1. The functions f;(7;) are equal to 1 when 7; = 0, and tend to a

value of 1/(1 — ¢;) as optical depth increases.
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The functions f;(7;) mimic the behavior of the temperature fields in the GCM
[PHSLI0]. The atmospheric temperatures are very sensitive to addition of even small
amounts of dust to the clear atmosphere. For example, the GCM experiments with
7 = 0.3 show a significant increase in atmospheric temperatures compared to the
case 7 = 0. However, for a dusty atmosphere the effect of addition of dust is less
pronounced. In the GCM experiment the temperature fields with 7 > 1 show little
difference (for the same season). Accordingly, the function f;(7;) increases sharply
from 7; = 0 to 7; = 1 and then “levels oft” for 7; > 1.

Analysis of the GCM results [HLP82, PHSL90] suggests that dust is thermody-
namically less “active” in the lower part of the winter atmosphere due to the lower
solar angle and increased cooling during the longer nights that offsets heating during

the day. Accordingly, the relationship between “active” dust and season is:

Te = T(1+J)/2 (B.13)

7y o= 1a(l—J)/2 (B.14)

where J = 6y /00maz, o is the subsolar point latitude, Oy., = 25° and J varies from 1
at northern summer to —1 at southern summer. 7, and 74 are the actual dust optical
depths in the lower atmosphere above the NH and SH, respectively, and 7. and 7y
are the corresponding “active” dust optical depth that are to be substituted into Eq.
(B.12).

Finally, to determine the heating rate, the dependence of the radiative damping
time £, on dust optical depth is needed. The dependence can be roughly approximated
from the Ames GCM experiments ([PHSL90|, Fig. 4, 5). In general, the effect of
dust is to shorten the radiative damping time, but the effect levels off for high dust
amounts. For simplicity, it was assumed that the radiative damping time is spatially
constant throughout the atmosphere. [PHSLI0] present calculations of the net solar
heating ) for L, = 279° and for dust optical depth varying from 0 to 5. From Eq.
(2.6)
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As a proxy for T'— T, we use the value of T, — T¢ , which is obtained from 2D GCM

calculations [HLP82] of temperature fields and radiative-convective temperature fields

for the same conditions. The resulting dependence was modeled as

t~r = EOr/fr(Tr) (B15)

where fy, is the value of the radiative damping time at L, ~ 270° for a clear atmo-
sphere and is a parameter of the model. f, has the same structure as f;, given by Eq.

(B.12), and 7, is the average optical depth:
Tr = (Tn +75)/2 = (Ta + o + T + 74) /2

where 7,, and 7, are the total optical depths in the NH and SH respectively. The
coefficients ¢, and s, of the function f, were determind by fitting the values of (T —
T¢)/@ for given 7,. The values of ¢, and s, are given in the Table 2.1.

To calculate the seasonal dependence of the equilibrium temperatures T£(0) of the
clear atmosphere, a simple radiative model was used. It was assumed that seasonal
changes in insolation translate into seasonal changes in the maximum atmospheric
equilibrium temperatures. As the seasons progress from southern summer to north-
ern summer, the maximum of the atmospheric equilibrium temperature moves from
the SH to the NH. In the process, T}, switches sign. Accordingly, the maximum equi-
librium temperature 77, of the atmosphere during southern or northern summer
is

T, = T:v + |T755| - T:

max

(since T, < O during southern summer). Due to the eccentricity of the martian
orbit, the subsolar insolation at perihelion (L, = 251°, southern spring) is 43% larger
than at aphelion. Assuming that the solar heating () is balanced by infrared cooling

proportional to o(T¢,,)", where ¢ is the Stefan-Boltzman constant, it follows that

Te ~ Q1/4

max



102
and T¢ . changes by about 11% seasonally. Assuming that the changes are spread
equally between the components of the T . (T¢,, |T%,|, T¢), the change of every com-
ponent between southern and northern summer is about 11% by absolute value. The
exact form of the seasonal change law is derived from calculations of the change in
solar heating () using Kepler’s law. In addition, the T, term changes sign as the
subsolar point switches between southern and northern hemispheres. This change
was assumed to be proportional to 8y/8gmq, and is superimposed on the 11% change

between southern and northern summers.

The equilibrium temperatures TF(0) are then calculated using Egs. (B.4)-(B.7).
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Appendix C Low-Order Model

The equations of the reduced model are written in term of dimensionless variables:
Xl = ua/U7 X5 = Tav/T7 X9 = Ta/Ty
X2 = us/U7 X6 = Tns/T7 XIO = Tb/T7
X3:'¢}a/\117 X7:TU/T7 Xll :Tc/7—7
Xy = '(/}s/\II: Xg = Tem/T7 X = Td/7—7

where the normalization coeflicients are:

Qrp
U = % (ms™h)
2
pSTm —
vo= o (kesT)

r- (Da ©

T =1 (optical depth)

Here H is atmospheric scale height (~ 11 km) and 5 is the height of the model domain
(~ 45 km). The equations of the LOM are:

X1 = —Xi+anXeXy — a19Xy — 013X, X3 (C-l)
X2 = —c1 X+ anXoXs — a0 X3 + apsX1X4 (0-2)
Xs = —c1Xs+anXo+anX2 — a3 Xs (C.3)
Xy = —aXs+anX) + anX: Xs + asXg (C.4)
X5 = —(Xs—F) (C.5)
Xe = —c(Xe— F2) — a1 Xa(X7 + caXs5 + ag2Xs) + a63X3X6 (C.6)
X7 = —coX7— F3) + anXaXe — ara X3X7 (C.7)
Xs = —co(Xg — Fy) 4 ag1 X3(X7 4 4 X5 + a5 Xs) + ag3 X4 X (C.8)
Xo = —Xg+ 03Xy (Xo — X12)(1 = 6) + (X10 — Xo)0) (C.9)
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X0 = —Xio+esXy (Ko — Xo)(1 = 8) + (X11 — X10)9) (C.10)
X = —Xnu+Xp+eX (X — X0)(1—8) 4+ (X1p — X11)d) +
+ 5" + s, (C.11)
Xip = —Xio+ Xo+ Xy (X12 — X11)(1 — 8) + (Xo — X12)8) +
+s*(1—=0)+ s} (C.12)

where a dot denotes a derivative with respect to the dimensionless time ¢’ = t/tg,
s* is dimensionless interactive dust source described in Section 2.5, s; and s} are

dimensionless independent dust sources in the SH and NH, and

5 { 0, X420
1, X4 <.

The circulation and dust are linked via forcing functions Fi, Fy, F5 and Fy, which

are the normalized equilibrium temperatures:
=TT, Fy=T¢:/T, F3=T¢/T, Fy=T¢ /T.

The method, by which the dependence of the forcing functions on dust was estimated,
is described in Section 2.4.

The coefficients of the model are given in Table C.1:

Table C.1: Coefficients of the LOM.

alt 0.12 a12 0.37 a13 0.2
921 0.38 (157 2.0 923 0.52
as1 | 0.053(Q)° | ass | 0.016(Qa)? | ass | 0.78
a1 | 0.44(Q)° | ag | 0.17(Q)° | ags | 1.9

(4731 0.65 g2 0.1 (g3 0.18
(0241 0.52 a9 0.45

asi 0.43 asgo 0.3 ass 0.06
¢t rtq o tq/t, cs | 0.19

Cq 0.24
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