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S1 Testing for the existence of backscatter and backscatter uncertainty solutions

The symbols in this supplement are the same as in Young and Vaughan (2009) and Young et al. (2013) where or(r), 5'(r),
B(r) and ofr) are, respectively, the range increment, attenuated backscatter, backscatter and extinction coefficients at range r,
Arn,r) and «(ry,r) are, respectively, the integrals of backscatter and extinction over the range interval from the normalization
range ry, to r, and T2(ry,r) is the two-way transmittance over the same interval. S is the lidar (extinction-to-backscatter) ratio
and the subscripts M, P and T designate the molecular, particulate and total components. The subscript N in the attenuated
backscatter indicates that it has been rescaled to correct for overlying molecular and retrieved particulate attenuation between
the lidar and the normalization range, which is located at the top of the layer being analyzed. This rescaling process is
described as normalization. After each successive layer is analyzed and its apparent, two-way transmittance retrieved, the
attenuated backscatter of all underlying layers is further rescaled to correct for this additional attenuation in a process called
renormalization (Young and Vaughan, 2009; Young et al., 2013). The ratio of the measured, apparent, optical depth, which
is reduced by multiple scattering, to the single-scattering value, zp, is represented by the symbol #. The prefix A indicates the

absolute uncertainty in the quantity.

S1.1 Backscatter

Following the development given in Young and Vaughan (2009), the particulate backscatter coefficient at each range, r, within

a feature is found by solving equation

B (r)

A= e D)

=P (r), (S1)

where

T2 (h,.1) =eXp{—2nSpjﬂp(Z)dZ} = exp[ 297, (1,..1)]. (S2)

N

We choose to factor the transmittance in the following way.

T2(r,,r) = exp Hzfysp s (Z)d21—f78p5r[ﬂp(r 5r)+ (r)]}

N

(S3)

=Ta (ry, 1) exp[-1S,5r B, ()],
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which permits Eq. (S1) to be rewritten as

B (r)exp| 7S.8r B, (r
Bo(r) === [ = 1 )J—ﬂM (). (S4)
Ty (g, NTe (. 1)
This is of the form
x =aexp(bx)-c, (S5)
where x = £p(r) and a, b and ¢ are constants at range r:
10!
T (he, DT (ny, 1)
b =7S,dr, (S6)

¢ = (1),
We rearrange Eq. (S5) and use Newton’s Method (Newton-Raphson) iteration to solve the equation
f(x) =aexp(bx)-c—x=0. (S7)
(To ensure that the initial value in the iteration is near the final value, it is selected as described in Sect. S2.)

For solutions to Eq. (S7) to exist, f(x) must have a minimum less than or equal to zero (for a > 0). The minimum occurs where

f'(x) =abexp(bx)-1=0, (S8)

i.e. at
x_. =In(l/ab)/b=—In(ab) /b, (S9)

giving
frn = f (X ) =[L+In(@b)] /b —c. (S10)

For solutions to exist for Eq. (S7) then, fmin < 0 and the following condition must hold:

In(ab) <cb-1, (S11)

or, writing out using the substitutions (S6),
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It is apparent, then, that solutions may not exist for large values of Sp combined with large values of S| (r) .

During each attempt at retrieving g(r), the magnitude of fmin is evaluated. A value greater than zero indicates that no solution
exists. This is interpreted as being caused by an overestimate of the lidar ratio, which is then reduced and the retrieval of the
backscatter profile restarted from the top of the feature. The main caveat here is that incorrect rescaling of the attenuated
backscatter coefficients as a result of the use of a lidar ratio that is too large, but not large enough to cause failure, in the
retrieval of the optical depth of an overlying layer may cause the retrieval in the lower layer to fail even if the lidar ratio in the
lower layer is correct. Conversely, the use of a lidar ratio that is too small in the analysis of an overlying layer may allow the
retrieval of backscatter profile in a lower layer even though the lidar ratio used in the lower layer is considerably larger than
the correct value. Data users are advised to use caution when using retrievals in layers that underlie several other layers as
errors in the retrieved optical depths in the overlying layers can cause errors to accumulate in the renormalization of the
integrated attenuated backscatter in the lower layer. An indication of the potential severity of these renormalization errors can
be gained by summing the uncertainties in the retrieved optical depths of the overlying layers. If the renormalization error is
assumed to be a result solely of the error in the optical depth, which we approximate by its uncertainty, Az, then the

renormalization error (effectively the relative error in the overlying effective two-way transmittance) can be estimated as

AT T = Az, 1(2n) .

As stated in the CALIPSO layer properties user’s guide (https://www-
calipso.larc.nasa.gov/resources/calipso_users_guide/data_summaries/layer/index.php#layer_iab_ga_factor; last access: 5
June 2018), the layer integrated attenuated backscatter QA factor (layer IAB QA factor) should also be considered. Values of
this quantity that are close to unity are associated with little overlying attenuated backscatter, whereas lower values indicate
the presence of greater quantities of scattering cloud and aerosol material and the increased likelihood of renormalization and,
hence, retrieval errors. (See also the discussion in the user’s guide under the headings Integrated Attenuated Backscatter 532

and Integrated Attenuated Backscatter Uncertainty 532.)

S1.2 Backscatter uncertainty

The existence of a solution for the uncertainty in the particulate backscatter can also indicate whether the lidar ratio used in
the retrieval is too large or not. In the following uncertainty analysis, which was used in the creation of the version-4 data
products, it will be assumed that uncertainties in the different quantities are random and uncorrelated. While this is not always
strictly true, it is expected that most errors incurred in this approximation will be smaller than the main contributors to the

overall uncertainties. The results of this simplified analysis are expected to give acceptable estimates of the uncertainties for
3
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low to moderate optical depths and small values of uncertainties in the analysis parameters. An equation for the uncertainty in

the retrieved particulate backscatter coefficient can be developed from Eq. (S1) as follows.

, o (8O (AT | ., (AT DY
(AS () = (88, () + 4 (r)[{ o ] +[ T j }ﬂT (r)(—T:(rN,n J ,

= A+,3T2(r)[2777P(rN : r)]z [An/n]z + ﬂ'l'z(r)[ZUTP(rN , r)]z [ATP(rN N)/7e (1, r)]z

= A+ G207 (5, O [An/a] + B2 2070 (51T {(ASSJ +[Ayy o r))] }

(S13)
=A+B +ﬂ'|'2(r)[277TP (rN ) I')]Z [Mj )
7p(ry,1)
= A+B+ A (N)[nS, ] {[& )AB: ()] { Z (81, +67.,)° [ A5 (1 )ﬂ}
B[S, T [or(mas, ()]
Equation (S13) can now be rearranged and solved for (Af, (r))* as
(A8, (1) =(A+B+C)/[1-[nS,8r(N5 (] | (S14)

In the above we have made the following substitutions:
) o o [MADY (ATe(N))
A=(AB, (1) +ﬂT<r)[[ ﬂw)J { e J ]
B = g2(N[2n7: (. 1)]’ {(An”j (ASSPJ } (S15)

C=pB2(N[nSs ] {[& )aB, (n) ] {Z(érw.ﬂ)z[wp(n)ﬂ}

i=jN+1

Finally, the uncertainty in the particulate extinction coefficient can be written as
2 2 1/2
A0 (1) =((Bo (D48, )" +(Sp88, (1)) (S16)
It can be seen from Eq. (S14) that a solution exists for Af, (r) only if the denominator is greater than zero. (A, B and C are all

non-negative.) This condition imposes an upper limit on the value of the particulate lidar ratio:

4
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In the V4 software used to calculate retrieval uncertainties, values of the denominator that are not greater than zero are
interpreted as indicating that the particulate lidar ratio is too large. In these situations, the retrieval of profiles of both the
particulate backscatter and its uncertainty are restarted from the top of the feature being analyzed using a suitably reduced
value of the lidar ratio. Similar caveats apply here as in the preceding discussion on the existence of the backscatter solution.
For underlying layers, the retrieved value of the total backscatter, Sr(r), can be too large or too small depending on the accuracy
of the values of the lidar ratios used in analyzing the overlying layers, and this can influence whether or not the backscatter

uncertainty solution in Eq. (S14) exists.

If adjustment of the lidar ratio within the acceptable limits still cannot produce a backscatter solution or a backscatter
uncertainty solution at a particular range, then the retrieval is terminated at the previous range, the remainder of the profiles

down to the detected base set to a fill value (-333) and the extinction QC bits are set to indicate an error.

S1.3 Comment on the use of “standard” error propagation techniques.

The uncertainty analysis presented above (and in Young et al., 2013) is based on “standard” error propagation techniques.
These methods use differential calculus to attempt to find the value of a function, e.g. f(x,y), at some “nearby” location, f(x+Ax,
y+Ay), where Ax and Ay are small changes (interpreted as absolute uncertainties or errors) in the variables x and y. (Here a
function of two variables is used as an example.) The calculation can be approached using a Taylors series expansion around

the point (x,y) (Bevington and Robinson, 1992):
Af (X, y) = F(X+AX, y+Ay) - f(X,y)

2
= Axﬁ+Ayi f(x,y)+i Ax3+Ayi f(x,y)
OX oy 2! OX oy

¥ ¢ S18
+£(Axi+Ayij f(x,y)+i[Axi+Ayﬁj f(x,y) (518)
3! OX oy 41 X oy

1( @ oY
+ot—| AX—+AYy— | f(X,y)+R..
n! oX oy

The problem is then linearized by assuming that Ax and Ay are small enough that the second and higher-order derivative

terms are negligibly small, thereby allowing only the first term in the series to be retained.

As explained in Bevington and Robinson (1992), the size (and sign) of the errors Ax and Ay are usually unknown and they
are replaced by estimates of the standard deviations, ox and oy, derived statistically as the square roots of the corresponding

variances. The uncertainty in f(x,y) can then be estimated as the square root of the variance:
5
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A y) < [ag (A0 (Mj vot (MJ(MH | (519)
X oy OX oy

The covariance scaling the partial derivatives in the third term is zero if x and y are uncorrelated.

If, however, these uncertainties (or standard deviations) are not small, and if the higher-order derivatives are not zero (i.e. the
functions are non-linear), then the accuracy of this approximation will generally decrease with increasing values of Ax and Ay.
In the analysis of CALIOP data, the uncertainties can sometimes be appreciable. The relative uncertainties in the initial lidar
ratios used in unconstrained retrievals, for example, are typically 30% to 40% and the uncertainty in the retrieved integrated
particulate backscatter and, hence, optical depth will grow with increasing penetration into the feature being analyzed. In
addition, the calculation of the uncertainty in the particulate transmittance simply by taking the derivative of Eq. (S2) becomes

increasingly inaccurate for large values of Az, and needs to be estimated via a differencing analysis as in Young et al. (2013,

2016).

In summary, while the above analysis will give satisfactory results for small to moderate uncertainties, the approximations
and neglect of higher-order terms will lead to poorer results at higher values of uncertainties. Because the function relating
transmittance to optical depth is non-linear, the absolute magnitude of the calculated overall uncertainty will differ depending
on the sign of the input uncertainties. For these situations, data users are advised to refer to the sections in Young et al. (2013,
2016) that cover the analysis of the sensitivity of retrievals to various input errors and the biases they produce in the results.

S2 New initialization of backscatter solution

As explained in the previous section, the particulate backscatter at any range is retrieved using Newton’s Method Iteration. In
order to ensure that the solution converges to the correct value and in as few iterations as possible, it is important that the initial
value be as close to the final value as possible. For small to moderate values of the exponent in Eq. (S4), a good estimate for
the initial value can be found by approximating the exponential function by the first three terms of its Taylor series expansion
and solving the resulting quadratic equation. Before the Newton’s Method is applied at any range, then, the value of the
approximation for the exponential function is compared with the true value. If the difference is less than a specified threshold,
then the estimate for Sp(r) using the approximation is used as the initial value in the Newton’s Method Iteration. If the
difference exceeds the threshold, or if there is no solution to the quadratic equation, then the Newton’s Method Iteration is
initialized using a value of Sp(r) derived from a version of Eq. (S4) with the exponential term set to zero. Currently the threshold

is 1%. This corresponds to the requirement 7S, 5, =no, <~ 0.44/5r . When initialized in this way, the Newton’s Method

Iteration usually converges on the first iteration for all but the highest backscatter values.

6
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S3 New Initialization of particulate lidar ratio in opaque layers

For opaque layers, it is possible to derive an initial estimate of the particulate lidar ratio, Sp, that is closer to the correct value
than the fixed initial values for a particular layer type. Calculation of this estimate follows the approach of Fernald et al. (1972)
who derive expressions for the lidar ratio as functions of the integrated lidar signal and the measured two-way layer
transmittance. For a two-component atmosphere (one containing both molecules and particles), Fernald et al. (1972) derive
the following expression (where we have changed the symbols to those used in this work and in Young and Vaughan (2009)
and Young et al. (2013)). The ranges, rnand ry, refer, respectively, to the normalization range at the top of the layer and the

range at the base of the layer.

. [1-T2 (e 6) T "™ (1.1, ] . (S20)

P R 7 =
277LN B (2) T2 (v 7)dz

For opaque layers, the particulate transmittance is zero and the numerator becomes unity. As the unknown, Sp, appears on both
sides of Eg. (S20), the equation is transcendental and must be solved iteratively. The initial value for this iteration is obtained

using a modification of the single-component atmosphere equation (Fernald et al., 1972; Platt, 1973; Vaughan et al., 2005).
S, = 1.0/2;7jr’b Bl (2)dz . (S21)

This equation is not transcendental and can be evaluated directly. Typically, two to three iterations of Eq. (20) are required for
convergence of successive iterations to a relative difference of 0.001. The absolute uncertainty, ASp, is then adjusted to

maintain the same relative uncertainty as in the fixed initial value.
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