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Abstract

The cloud overlap parameter alpha relates the combined cloud fraction between two
altitude levels in a grid box to the cloud fraction as derived under the maximum and ran-
dom overlap assumptions. In a number of published studies in this and other journals
it is found that alpha tends to increase with increasing scale. In this technical note, we
investigate this analytically by considering what happens to alpha when two grid boxes
are merged to give a grid box with twice the area. Assuming that alpha depends only
on scale then, between any two fixed altitudes, there will be a linear relationship be-
tween the values of alpha at the two scales. We illustrate this by finding the relationship
when cloud cover fractions are assumed to be uniformly distributed, but with varying
degrees of horizontal and vertical correlation. Based on this, we conclude that alpha
increases with scale if its value is less than the vertical correlation coefficient in cloud
fraction between the two altitude levels. This occurs when the cloud are deeper than
would be expected at random (i.e. for exponentially distributed cloud depths). However,
the degree of scale-dependence is controlled by the horizontal correlation coefficient
in the cloud fraction between adjacent grid boxes, being greatest when this correla-
tion is zero. Trivially, there is no scale-dependence when this correlation is one. The
observed, generally strong, scale-dependence would thus indicate that the horizontal
correlation is small.

1 Introduction

Clouds tend to be represented in GCMs as plane-parallel and horizontally homoge-
neous, with the combined horizontal cloud fraction between clouds at different altitudes
specified according to various overlap schemes (e.g. Smith, 1990; Tiedtke, 1993).
These schemes are generally based on a combination of maximum and random over-
lap. In maximum overlap the clouds are maximally overlapped in height resulting in

9802

Jaded uoissnosiq | J4adedq uoissnosiq | J4aded uoissnosiq

Jaded uoissnosiq

ACPD
14, 9801-9813, 2014

Cloud overlap
parameter alpha

|. Astin and
L. Di Girolamo

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

the minimum of interaction between clouds and downward radiation. Where clouds are
randomly overlapped in height the interaction with radiation is greater.

Taking advantage of the fact that clouds close together in altitude are likely maximally
overlapped and those significantly different in altitude are likely randomly overlapped
Hogan and lllingworth (2000) introduced a cloud overlap scheme that has since been
widely taken up within GCMs. In this scheme, the mean combined cloud fraction be-
tween two altitude levels is taken to be a weighted average (with weight a) of the mean
values given by maximum and random overlap assumption respectively.

The value of a is generally taken to be a function of the height separation (Az)
between the two altitudes and is found to often have an inverse exponential depen-
dence on Az (e.g. Hogan and lllingworth, 2000). The rate of fall is then determined by

a cloud “decorrelation length” L (i.e. a = e’%). Since this initial study of Hogan and
lllingworth (2000) many others have investigated how a (and L) depend on horizontal
scale (e.g. Mace and Benson-Troth, 2002; Oreopoulos and Khairoutdinov, 2003; Pincus
et al., 2005; Willén et al., 2005; Barker, 2008a, b; Shonk and Hogan, 2010; Oreopoulos
and Norris, 2011; Oreopoulos et al., 2012). Though a number of different definitions for
a and methods for deriving L have been used in such studies, they generally find that
a (and, hence, L) increases with horizontal scale.

2 The overlap parameter a

From the observed horizontal cloud fractions at altitudes a and b (at a fixed scale), c,
and ¢, respectively, the horizontal cloud fractions ¢, and c¢,,,q can be formed, under
the maximum and random overlap schemes, as:

Crmax = max(ca, Cb) (1)
Crand = Ca + Cp — C3Cp (2)
From the definition as given by Hogan and lllingworth (2000) for a these are related

to the combined horizontal cloud fraction, ¢; (jointly covered by the clouds at both
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altitudes) by:
C_t = ACpax + (1 = @)Crang )

Where ¢;, Cmax @Nd C,ong are the averages (over time) of ¢;, Cpax @nd Cpang respectively.
Provided c,,,,x and c,,,q are not equal to each other, which is unlikely (as this could only
happen if the cloud cover fraction was always zero or one) Eq. (3) can be rearranged
to give:

Ct — Crand (4)

a =

Cmax — Crand

As pointed out in Pincus et al. (2005), this is only one way to define a. Another method
is to determine a set of values for a using Eq. (3) based on the individual (unaveraged)
values of ¢;, ¢ @nd c4ng @and, from these, find an average value for a. However,
this approach leads to data being discarded, as (the values for) a are not uniquely
defined when either ¢, =0 or ¢, = 0, potentially giving rise to truncated statistics. As
the probability that ¢, = 0 or ¢, = 0 decreases with increasing grid size (e.g. Astin and
Girolamo, 1999) it seems prudent, when considering the scale-dependence, to use
Eq. (4) to define a (in which no data is discarded).

3 The horizontal scale-dependence of a

To investigate the scale-dependence of a, we will consider what happens when two
adjacent grid boxes, which we label j and j+ 1 respectively, are combined to give
a single larger grid box with double the area. In this case, the cloud fractions C, and
C, at the two altitudes (a and b) in the larger grid box are given by:

C, = Cald+calit) }

2
. »
C, = Cb(/)"‘gb(/"' )

(5)
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Where c,(y) is the cloud fraction in grid box y at altitude x. Again, the cloud overlap
Cuax and Cganp (at the larger scale) are formed, under the maximum and random
overlap assumptions, by:

Cmax = max(C,,Cp) (6)
Cranp = Ca+Cp = C,Cp (7)
The combined cloud fraction, Cr, at the large scale is given by:

ci(f)+ci(j+1
C, = t() 2f(/ ) ®)

Where c;(y) is the combined cloud fraction in grid box y.
To continue, let a, be the value of a at the original scale and a, be the value of a
when the two grid boxes are merged. As in Eq. (4), the value of a, is given by:

C.-C
0,2 - T RAND (9)

Cwmax — Cranp

Where C_T Cuax and Cganp are the time averages of Cr, Cyax and Cranp respectively.
Assuming that a depends only on scale (and a and b) then (using Eq. 3) Eq. (8)
becomes:
C_ _ ay Cmax(j) + (1 - a1)Crand (/) + ay Cmax(j + 1) + (1 - a1)Crand(j + 1)
r =
2
Where the averages in Eq. (10) are those for grid boxes j and j + 1 respectively.
If a and b are fixed altitudes, Egs. (9) and (10) together imply that a, = ma, + ¢,
where m and ¢ are constants. If the averages in Eq. (10) are the same for both grid
boxes j and j + 1 then, dropping the j and j + 1 dependences, Eq. (9) gives:

(10)

Cray — C Crang — C
a, = max rand a. + rand RAND (11)

Cwmax — Cranp Cwmax — Cranp
9805
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This does not necessarily imply that a linear relationship between a; and a, will be
observed, since data from different altitudes (likely having differing values of m and c)
are combined in published studies. However, we can use Eq. (11) to investigate the
conditions in which a, > a4 (i.e. where a would increase with scale).

As an example, where the cloud cover varies between grid boxes, but is constant in
altitude (i.e. ¢,(j) = ¢, (j)) then Cpax = Cyax @nd so @, = may + (1 — m). Hence, in this
case, the value of m is uniquely defined by the value of a, when a; equals zero (e.g.,
if a, = 0.2 when a4 = 0 then m = 0.8, and a, = 0.8a4 + 0.2).

It is instructive to consider this case further by studying the value of m analytically. As
the cloud cover is constant with altitude, the mean, given by u, and the variance, given
by 62, in cloud fraction are the same at both altitudes (a and b). From its definition ¢ g
is given (from Eq. 2) by:

Crang = 2U — 02 — 1? (12)

Similarly, the average Cranp is given (From Eq. 7) by:

1
Cranp =21 = 5(1+ R)o? - i (13)

Where R is the horizontal correlation coefficient in cloud fraction between the adjacent
(smaller) grid boxes. Using Eq. (11), the value of m becomes:

y-o° - P

= ; _—r (14)
U-5(1+R)o°—pu

As an example, if the cloud fraction can be modelled as a Beta (a, b) distribution (e.g.
Falls, 1974; Tompkins, 2002) then:

2(a+b)

~2@+b)+(1-R) (1)
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Giving:
2(a+b) 1-R)
a, = a; +
2(@+b)+(1-R) 2@+b)+(1-R)
In the simplest case where the cloud fraction in each grid box is uniformly distributed
(i.e. Beta(1,1)) this becomes:
_ 4 1-R
“5-rR7"T5_R
(Thus, where R =0 then a, = 0.8a4 +0.2).

In this contrived case (where the cloud cover is constant with height) o will always
increase with scale (i.e. a, > a4) provided the horizontal correlation coefficient, R, in
cloud fraction between adjacent grid boxes is positive and less than 1. Trivially, when
R =1 there is no scale-dependence to alpha (as m = 1). However, as R decreases to
zero the degree of the scale-dependence increases and maximises where R = 0. This
is displayed in Fig. 1, which shows the relationship between between a,; and a, for
a range of values for R in the case where the cloud fraction in the adjacent grid boxes
are assumed to be uniformly distributed (e.g. LeTreut and Li, 1991). For this case, the
scale-dependence is strongest when R = 0 giving a, = 0.8a4 + 0.2.

So far, we have looked at the scale-dependence where the cloud fraction varies
from grid box to grid box, but does not vary with altitude. That is, when the vertical
correlation between the cloud fraction at the two altitudes is o = 1. Let us now consider
what happens when ¢, = ¢, but c,()) # c,(j) (i.e. p # 1).

For illustration, and to simplify the mathematics we will take the extreme case where
R =0 and the cloud fractions are correlated uniform distributions, with correlation co-
efficient p. As they are uniformly distributed, c, = % = Cp,. Similarly, where p = 0 then
Crmax = § and where p = 1 then C,, = 3. Following the aproach of Clarke (1961), Crax
can be approximated, using these values, by:

~ 1 1
Crmax & 5+ 5(1-0)'"2 (18)
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Similarly, the value Cy;ax, which is the maximum of two triangularlly distributed random
variables (being the sum of two correlated Uniform distributed random variables) is
given by:

— 1 7
21y Loy 19
Cmax 2+60( 0) (19)

The means c¢,,,q and Cranp are themselves given by:

_ 3 1
Crand = 7 — 1P } (20)

_3_ 1
CRAND—Z_ﬂp

Putting the above values into Eq. (11) gives:

1/2
o <30—10p—20(1—p) )+< 50 > 21)
30-50-14(1 - p)1/2 30-50-14(1-p)1/2
Though this is an approximate result, the simulated values given in Fig. 2 show that
Eq. (21) can be taken as exact for all values of p. Hence, when p = 0 (i.e. where the
cloud cover at both altitudes are uncorrelated) a, = %aq and so a will always decrease
with scale (i.e. a, < ay), except where a4 = 0.

It seems likely, given the linear relationship between the values of alpha at the two
scales, that for every value of p there will be a unique value for a that does not change
with scale (being the point-of-intersection with the a; = a, line). This is illustrated in
Fig. 2, where the relationship between between a4 and a, is displayed for a range of
values for p (all with R =0). From Fig. 2 this value seems to be where a; = a, ~ p.
Also where a; > p then a will always decrease with scale and where a; < p then a will
always increase with scale.
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4 Conclusions

Based on the definition of @ and the scale invariance of the combined cloud fraction,
it is clear that if @ depends only on scale then the value of alpha, a5, at one scale is
linearly related the value of alpha, a4, at the other scale (i.e. a, = may + c¢), provided
the two altitudes are fixed.

The values of m and ¢ depend on a number of parameters including the mean and
variance in cloud fraction at each altitude. However, the most important parameters
are the horizontal correlation coefficient, R, between the cloud fractions in adjacent
grid boxes (at a given altitude) and the vertical correlation coefficient, p, between the
cloud fractions at the two altitudes.

Dependent on the relative values of a and p it is possible for a to increase, decrease
or stay the same with increasing scale. However, the strength of the dependence is
controlled by A. Published results obscure the linear relationship between a, and a;
by combining data from pairs of altitudes of fixed height separation with differing cloud
cover means and variances. However, our results indicate that an “on average” in-
crease of a with scale implies that “on average” @ must generally be smaller than p.

In Astin and Di Girolamo (2006) we showed that on average a ~ p when cloud depths
follow an exponential distribution. Hence, we conclude that published increase of alpha
with scale is a consequence of clouds being generally deeper than would be expected
at random (i.e. in a Random Markov Field).

As the scale-dependence disappears when R =1 and is strongest when R =0, we
conclude that published strong dependence on scale would imply that R must be small.
This supports the argument that there is a “dominant horizontal scale for cloud size”,
since R would tend to unity for very small or very large clouds.

Supplementary material related to this article is available online at
http://www.atmos-chem-phys-discuss.net/14/9801/2014/
acpd-14-9801-2014-supplement.zip.

9809

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

ACPD
14, 9801-9813, 2014

Cloud overlap
parameter alpha

|. Astin and
L. Di Girolamo

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-supplement.zip
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-supplement.zip
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-supplement.zip

10

15

20

25

30

References

Astin, I. and Di Girolamo, L.: A general formalism for the distribution of the total length of
a geophysical parameter along a finite transect, IEEE Geosci. Remote S., 37, 508-512,
1999.

Astin, I. and Di Girolamo, L.: The relationship between alpha and the cross-correlation of cloud
fraction, Q. J. Roy. Meteor. Soc., 132, 2475-2478, doi:10.1256/qj.05.209, 2006.

Barker, H. W.: Overlap of fractional cloud for radiation calculations in GCMs: a global
analysis using CloudSat and CALIPSO data, J. Geophys. Res., 113, DO0OAO1,
doi:10.1029/2007JD009677, 2008a.

Barker, H. W.: Representing cloud overlap with an effective decorrelation length: an
assessment using Cloud-Sat and CALIPSO data, J. Geophys. Res., 113, D24205,
doi:10.1029/2008JD010391, 2008b.

Clark, C. E.: The greatest of a finite set of random variables, Operations Res., 9, 145-162,
1961.

Falls, L. W.: The beta distribution: a statistical model for world cloud cover, J. Geophys. Res.,
79, 1261-1264, doi:10.1029/JC079i009p01261, 1974.

Hogan, R. J. and lllingworth, A. J.: Deriving cloud overlap statistics from radar, Q. J. Roy.
Meteor. Soc., 126, 2903-2909, 2000.

LeTreut, H. and Li, Z. X.: Sensitivity of an atmospheric general circulation model to prescribed
SST changes: feedback effects associated with the simulation of cloud optical properties,
Clim. Dynam., 5, 175-187, 1991.

Mace, G. G. and Benson-Troth, S.: Cloud-layer characteristics derived from long-term cloud
radar data, J. Climate, 15, 2505-2515, 2002.

Oreopoulos, L. and Khairoutdinov, M.: Overlap properties of clouds generated by a cloud-
resolving model, J. Geophys. Res., 108, 4479-4488, 2003.

Oreopoulos, L., Lee, D., Sud, Y. C., and Suarez, M. J.: Radiative impacts of cloud heterogeneity
and overlap in an atmospheric General Circulation Model, Atmos. Chem. Phys., 12, 9097—
9111, doi:10.5194/acp-12-9097-2012, 2012.

Shonk, J. K. P. and Hogan, R. J.: Effect of improving representation of horizontal and vertical
cloud structure on the earth’s global radiation budget, Part II: the global effects, Q. J. Roy.
Meteor. Soc., 136, 1205-1215, doi:10.1002/qj.646, 2010.

9810

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

ACPD
14, 9801-9813, 2014

Cloud overlap
parameter alpha

|. Astin and
L. Di Girolamo

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Il

Interactive Discussion



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1256/qj.05.209
http://dx.doi.org/10.1029/2007JD009677
http://dx.doi.org/10.1029/2008JD010391
http://dx.doi.org/10.1029/JC079i009p01261
http://dx.doi.org/10.5194/acp-12-9097-2012
http://dx.doi.org/10.1002/qj.646

Smith, R. N. B.: A scheme for predicting layer clouds and their water content in a general
circulation model, Q. J. Roy. Meteor. Soc., 116, 435—-460, 1990.
Tiedtke, M.: Representation of clouds in large-scale models, Mon. Weather Rev., 121, 3040—
3061, 1993.
s Tompkins, A. M.: A prognostic parameterization for the subgrid-scale variability of water vapor

ACPD
14, 9801-9813, 2014

and clouds in large-scale models and its use to diagnose cloud cover, J. Atmos. Sci., 59,
1917-1942, 2002.

Jaded uoissnosiq

Cloud overlap
parameter alpha

g |. Astin and

(2} q -

Q L. Di Girolamo

(2}

@,

()

=}

;,U Title Page

©

[0)

- Abstract Introduction
O

%) .

:
(2}

2h

- IR
=}

T

o)

©

: K I
e

.
@) Full Screen / Esc

7

)

%

%3 Printer-friendly Version

()

=}

g-;U Interactive Discussion ‘
©

@

=

9811


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/9801/2014/acpd-14-9801-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

02 04 06 08 1
G4

Fig. 1. The dependence of a, on a; for cloud fractions (in adjacent grid boxes) that are uniformly
distributed, where the vertical correlation coefficient in cloud cover p =1 and the horizontal
correlation coefficient in cloud cover is R (solid line). The dashed line is where there would be
no scale dependence to a (i.e. a, = a,). The circles are values given by simulation.
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Fig. 2. The dependence of a, on a, for cloud fractions that are uniformly distributed (solid line),
where the horizontal correlation coefficient in cloud cover is R = 0, and the vertical correlation
coefficient in cloud cover is p. The dashed line is where there would be no scale dependence
to a (i.e. @, = a;). The circles are values from simulation.
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