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Influence of Surface Roughness Uncertainties on
Design of Structures with Open
and Suburban Exposures
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Abstract: Following an investigation into the causes of a 40% difference between estimates of structural response to wind by two
reputable wind engineering laboratories, the National Institute of Standards and Technology recommended the development of nationally
accepted performance standards based on sound technical methods. The development of such standards requires the use of an uncertainty
quantification procedure applicable to the response of structures subjected to wind loads. As part of this development, this paper considers
the effect of uncertainty in the subjective determinations of the surface roughness lengths at sites with open and suburban exposures.
Extensive data developed jointly by the University of Florida, Applied Research Associates, and the National Oceanic and Atmospheric
Administration (NOAA)/National Hurricane Center were used in conjunction with analytic and probabilistic tools to quantify the effect of
this uncertainty on the estimation of structural response to wind. It was found that neglecting this uncertainty can result in underestimation
of the response by as much as 45%. It is recommended that techniques for the objective measurement of surface roughness lengths be
used for structural design purposes and that, in the absence of such measurements, the effect of uncertainty in the determination of surface
roughness be accounted for in structural design. DOI: 10.1061/AJRUA6.0001191. © 2021 Published by American Society of Civil
Engineers.

Author keywords: Design wind loads; High-rise buildings; Low-rise buildings; Roughness length; Terrain exposure; Structural engineering;
Structural reliability; Uncertainty quantification; Wind engineering.

Introduction

A landmark Skidmore, Owings & Merrill (SOM) report (SOM
2004) noted the need to develop a procedure for estimating wind
load factors commensurate with building-specific uncertainty in the
wind loading of structures designed by the wind tunnel method.
Due to a modification— implemented in the ASCE 7-10 (ASCE
2010) and 7-16 (ASCE 2016) standards—of the original load and
resistance factor design (LRFD) approach, a parallel procedure for
estimating wind loads with wind load factors equal to unity and
appropriate mean recurrence intervals (MRIs) is called for. Based
on the SOM report and motivated by the fact that discrepancies
between estimates of wind effects by independent wind engineer-
ing laboratories can exceed 40% for both high-rise and low-rise
structures (SOM 2004; Fritz et al. 2008; Coffman et al 2010),
the National Institute of Standards and Technology issued a recom-
mendation aimed at developing nationally accepted performance
standards based on sound technical methods (NIST 2005). The
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development of such standards requires, among other things, the
use of an uncertainty quantification procedure applicable to the re-
sponse of structures subjected to wind loads. This objective has not
yet been achieved due to a lack of sufficient data about uncertainties
in the various elements that determine wind loading and to the fact
that uncertainty quantification methods for structural engineering
applications are still in the developmental stage.

One of the elements that determines wind loading is the surface
roughness lengths that characterize the terrain exposures at the
meteorological site at which wind speed measurements are typi-
cally performed and at the site of the structure of interest. Valuable
data developed jointly by the University of Florida, Applied Re-
search Associates, and the National Oceanic and Atmospheric
Administration (NOAA)/National Hurricane Center (Masters et al.
2010) concern the significant uncertainties inherent in the subjec-
tive estimation of roughness lengths for terrains with open and
suburban exposures.

The purpose of this paper is to present an uncertainty quan-
tification procedure aimed at examining the extent to which un-
certainty in the determination of surface roughness lengths can
affect the estimation of design wind loads on structures of various
heights. The paper is organized as follows. Uncertainty in subjec-
tively determined surface roughness lengths is propagated through
the calculation of wind speeds with specified MRIs. Next, we
consider the extent to which the uncertainty in the subjectively
estimated surface roughness lengths, through the estimated wind
speeds, affects the estimation of the requisite design wind loads.
An example is presented that shows that the failure of current de-
sign provisions to adequately account for uncertainty in the subjec-
tive determination of surface roughness lengths can result in the
underestimation of design wind loading by as much as 45%.
Following a set of conclusions, the appendix provides the Python
scripts used in this work and a table of notation definitions.
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Uncertainties in Wind Speeds with Specified Mean
Recurrence Intervals

Consider the matrix of estimated directional wind speeds at the
reference height of a structure’s site. An example is shown for
illustrative purposes in Eq. (1), in which i = 1, 2, 3 indexes storms
and j = 1, 2, 3, 4 indexes direction, for example, 0°, 90°, 180°, and
270° clockwise from the north

34 45 32 44
Uj;= |37 39 36 51 (1)
42 44 35 46

In this example, the wind speed from the third direction of the
second storm event is U;_»;—3 = 36 m - s~!. In Eq. (1), the largest
wind speeds in each of the three storm events are indicated in bold
type. For structural design purposes it may be assumed that only
the largest wind speed occurring in each storm i, max;[U,;], is of
interest. Those largest speeds form a sample of data of a size equal
to the number of storm events being considered; in this example
the sample of data is [45, 51, 46]. The wind speed with a specified
N-year MRI at the structural site of interest is then estimated by
fitting to that sample—which must consist of statistically indepen-
dent speeds—an appropriate probability distribution with cumu-
lative distribution function P(U). Assuming there are, on average,
m storms per year, the wind speed U(N) solves the equation
[P(U)]"=1—1/N.

In the example in Eq. (1), uncertainty due to surface roughness
length is masked from U(N), because the wind speed in each entry
is fixed and associated with a specific roughness length for the
terrain at which the observations were recorded. To account for
uncertainty in the roughness length at the meteorological station
at which the observations were made and at the site of the structure,
the approach outlined in the previous paragraph should be repeated
for many Monte Carlo samples of matrices of directional wind
speeds in which each matrix is a perturbed version of the original.
Sources of uncertainty in U(N) to be accounted for by the Monte
Carlo algorithm include but are not necessarily restricted to (1) the
subjective determination the roughness lengths at the meteorologi-
cal station and at the structure site, and (2) the finiteness of the size
of the measured data sample.

The basic relationships used to propagate uncertainty due to the
subjective estimation of roughness lengths are the logarithmic law
and the relation between friction velocities in two different rough-
ness regimes. The logarithmic law has the expression

Ulz,z0) = 2.5u, In— (2)
20

where u, = friction velocity; z, = roughness length; and z = height
above ground. For strong winds, Eq. (2) may be assumed to hold
up to elevations on the order of 1 km [for details on Eq. (2) see,
e.g., Simiu and Yeo 2019, pp. 22-30 and references therein].
The relationship between friction velocities u,; and u,, in different
roughness regimes defined by roughness lengths zy; and zg, is
(CEN 2005; Simiu et al. 2007)

0.071
0y — (Z—) 3)

Data provided by Prof. F. Masters of the University of Florida
(see item 9 at www.nist.gov/wind, and Fig. 1) shows that objec-
tively determined roughness length Zo can vary greatly for a given

subj,

subjectively determined roughness length z, °; that is, to any

© ASCE

subjectively determined surface roughness length there correspond
several objective roughness lengths, each characterized by a rela-
tive frequency. To clarify the meaning of the term subjective, we
cite Masters et al. (2010): “Today, many modelers use aerial photo-
graphs or land use cover information to assign directionally de-
pendent z, values to surface weather observation sites, which are
inherently subjective ....” In contrast, objective measurements are
obtained from the analysis of historical records available at weather
stations using the technique described in Masters et al. (2010). The
available data pertain to subjectively determined surface rough-
ness lengths of up to about 0.3 m and are useful for buildings
with suburban or open exposures. Fig. 1 shows the distribution of
objectively determined roughness lengths for various subjectively
determined roughness lengths. In Fig. 1, the histogram at the bot-
tom left shows that approximately 21% of the cases for which the

roughness length was subjectively determined to be z3"™ = 0.1 m

had objectively determined roughness lengths zobJ < 0.04 m. There
was great variability in objectively determined surface roughness
lengths for a given subjectively determined roughness length;
however, we noticed that for small subjectively determined rough-
ness lengths, the distribution of objectively determined roughness
lengths was concentrated toward small values, but for large subjec-
tively determined roughness lengths, the concentration was less
pronounced (i.e., the probability distribution of objectively deter-
mined surface roughness lengths had a longer upper tail). This can
be seen by comparing the upper left and lower right panels in Fig. 1.

It is necessary to introduce more intricate notation to properly
define the necessary equations to propagate uncertainty due to sub-
jectively defined roughness lengths. We describe all notation at
first appearance, and it is summarized in the notation list. Let

Uz](zopem Z()openj) i= 1 2 lmax’ .] - 1 2
the wind speed from direction j measured at height above the
ground z,p., at the meteorological site during storm i, where the
true but unknown roughness length at the meteorological site is

obj obj

Z0open j- Although we cannot know Zgopen j» WE are able to sample
objr

) open j

lengths for the subjectively determined roughness length z

.., Jmax represent

from the distribution of objectively determined roughness
subj

0open j
(the subscript j indicates that the roughness lengths depend upon
obj r

0open j
the distribution of objectively determined roughness lengths corre-
sponding to z?)”:éen j)- Analogously, we define U;;(zr, o 4 j) to be
the wind speed from direction j for height z, at the structure for

storm 7, where zgl;ju ; is the true but unknown roughness length at the

direction; the superscript r indicates that z is a sample from

structure site. We are also able to sample z02 " i

of objectively determined roughness lengths for the subjectively

determined roughness length zf)usé Similar to r, the superscript

from the distribution

s indicates that 282{: j is a sample from the distribution of objectively

determined roughness lengths for the subjectively determined

roughness length 2™ . i

We have measurements of U;(Zopen: 2 ZO open j)» and the first step
in our uncertainty analysis 1s to derive an equation relating those
measurements to U, ](Zm, ZO o J) Using Eq. (2), it follows that for
each storm i and direction j

obj

Obj Ulj(ZOpen’ Z()openj) P 1 2 . .

u*ijopen - 2.51In Zopen =102 ... lmax>
. obj

z
20 openj

r=1,2, ..., Fmax 4)
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Fl1:1 Fig. 1. Histograms showing the distribution of objectively determined roughness lengths for various subjectively determined roughness lengths.

F1:2
F1:3

subjectively determined to be z)"™ =

For example, it follows from the histogram at the bottom left of the figure that approximately 21% of the cases for which the roughness length was
= 0.1 m had objectively determined roughness lengths z)” < 0.04 m.

obj
173 where u;j gpen

174 meteorological site. Eqs. (2) and (3) yield

= friction velocity for storm 7 from direction j at the

Zobj 0.071
obj o Ostr j obj
u*ijstr - ( obj u*ijopen (5)
2o open j
U -125 obj I Zstr 6
l](ZStUZOg{rJ) Uy jjstr 5 (6a)
<o str j
Zobj 0.071
Z Ostr j j
=25 < - ’) U pen (60)
ZOstr] Z00penj
obj 0.071 obj
20strj Z Ui (Zo en» 20 open )
_125 0bs rj In Ogtr J\<op: W e“P J (66‘)
2 B 25
open j str j Z()Open/
Uij(zars Zome)) = @ Usj(Zopens Zoopen;) (7a)
ij\&strs £Qstrj) — G ij\<opens <() open j
o0 0.071 In S
0str j <
4. — strj Ostr j (7b)
J obj I Sepen_
20 open j U
”Oopcn/
175
176 The parameter a; reflects the amount by which wind speeds

177 in open terrain at elevation zq,e, are modified as functions of the
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bj
objective surface roughnesses zOOPCH jand zg%

heights zqpen and zg,. It may also be used to perturb the measured
wind speeds at the meteorological site to be able to account for
uncertainty in the subjectively determined roughness lengths in a
Monte Carlo analysis. A Monte Carlo sample, a;,,, of a; may be

and measurement

obj r
Oopen j and z

objectively determined roughness lengths given the subjectively
determined roughness lengths zguféen jand 250 . respectively. Fig. 2
is a graphic representatlon of Eq (7b) that shows the isocontours of
a; as functions of Zo open j and ZOm j for zgy = 10 m and 120 m and

Zopen = 10 m. The darker (lighter) areas of Fig. 2 show the degree

obj s

obtained using z 0str j

sampled from the distributions of

to which, given zglf)jpen, z% |, and z,, the speeds at the open site are
reduced (amplified) at the structure site.
To propagate uncertainty from both the subjectively estimated

roughness lengths and from sampling variability, we start with a
bj
Monte Carlo sample of each Uy (2. 20us;) = @5 rs Ui (Zapen- 2 open ;)
(which corresponds to the wind direction j for each storm i).
We consider the Monte Carlo sample of the maximum speed in

each storm

objrs __ obj
Ui str T Hlan((lj rs Uij(zopen’ ZOopenj)) (8)
On the left-hand side of Eq. (8), for convenience, the explicit
obj obj .
dependence on Z, Zggy ;> AN Zgope, ; 18 suppressed. To account
for finite sampling variability, a nonparametric bootstrap resam-

pling step, that is, sampling U?Eﬂr” with replacement over the storm
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=10 m and 120 m and zqpe, = 10 m.

index i, is then performed (Efron and Tibshirani 1994). This gives a

bootstrap sample of maximum wind speeds U

o for the same
number of storms as in the original sample. The index i* differen-
tiates between storm i and the bootstrap sample of storm i. The
collection of wind speeds U will likely contain some duplicate
values because of resampling with replacement. This is a necessary
phenomenon in the bootstrap approach to accounting for sampling

variability. The Gumbel (type I) probability distribution is then fit-

ted to the collection of U™ by maximum likelihood. Taking

the estimated Gumbel distribution function as P in the equation
{P[UE"(N)]}™ = 1 — 1/N, assuming m storms per year, and
solving for U (N), produces one Monte Carlo replicate of
the wind effect of interest. This entire procedure is repeated
nyc times to yield ny, values of the wind effect of interest, the
distribution of which accounts for both finite sampling variability
(via the nonparametric bootstrap) and uncertainty in the subjec-
tively estimated roughness lengths. The mean and standard devi-
ation of that distribution are of particular interest in the following
section.

The number of simulation replications n,, should be large
enough that the result of the simulation, that is, the distribution of
the wind effect of interest, is stable. The stability of the distribution
should be checked by conducting the simulation twice and com-
paring the two resulting distributions. If the distributions match
sufficiently well, the number of simulation replications 1y, is suf-
ficient; if not, it should be increased. It might be determined, for
instance, from the two simulations that the two means and stan-
dard deviations differ by less than 1%. Our simulations employed
these ideas.

In this work, it was assumed that the Gumbel distribution pro-
vides a reasonable fit to the Monte Carlo samples of the maximum

wind speeds (maximum over storm) U?Eﬂr”; further, maximum
likelihood estimation was used to estimate the parameters of the
Gumbel distribution. The latter estimation could be replaced by
other techniques. Examples include method of moments estimation
(e.g., Simiu and Yeo 2019, p. 63) or best linear unbiased estimation
(Lieblein 1974). The Gumbel distribution could also be replaced
by the generalized extreme value distribution or a peaks-over-
threshold model [e.g. as used in Duthinh et al. (2017)]. These last

two modifications could be important if the U%"
fitted well by a Gumbel distribution.
To recapitulate, the Monte Carlo procedure used herein can be

described by the following steps:

values are not

© ASCE

1. Perturb a matrix of directional wind speeds by multiplication
by a;,s where a;,, translates open terrain information into in-
formation at the structure site [Eq. (7)] and depends upon the
Monte Carlo sampled objective roughness lengths at both loca-

Ou -

2. For each storm in the matrix of directional wind speeds, take the
maximum over direction [Eq. (8)].

3. Take a statistical bootstrap sample (resample with replacement)
of those maxima.

4. Fit a Gumbel distribution to the statistical bootstrap sample and
use it to estimate the wind effect of interest.

5. Repeat Steps 1 through 4 many times, each time with a different
sample of a;,, and statistical bootstrap sample.

Python code for carrying out this procedure is presented in
the appendix, and data that can be used to construct an empirical
approximation for the probability distributions representing uncer-

subj subj
0 open j and <o strj

. obj r
tions, z; ijen j and z

tainty in z are available at www.nist.gov/wind.

Wind Load Factors and Design Wind Effects

The design peak wind effect with an N-year MRI, pyi ges (2sirs V), is
based on empirical structural reliability considerations and defined
by the expression

ppkdes(zstn N) = E[ppk(zstra N)]{l + ﬁCOV[ppk(Zsm N)}} (9)

where E and COV = mean and coefficient of variation, respectively.
The expression between the brackets is called the wind load factor
and is denoted by ~,,(N), that is

Yw(N) =1+ BCOV [pp(zgr- N)] (10)

The safety index [ is determined by calibration against past
practice, a process based on engineering judgment in which deci-
sions are made by consensus among experienced professionals. For
wind effects on typical structures the approximate value 3 = 2.0
was judged to be acceptable (see Ellingwood et al. 1980, pp. 5-6).

Two versions of Eqs. (9) and (10) are now considered. In the
first version, the expressions ppy s and py are replaced by p;t]fdes

and p;‘]?, respectively. The superscript “std” indicates that the ex-

pressions for the mean and coefficient of variation of the peak
design wind effect are taken to have the following forms:
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E[plsgtl?(zstrvN)] (1)
KZ]E[Kd}E[G(Qm)]E[Cp,pk(em

J{E[UsHN)Y

~ cE[

COV[pii(zgrs N)| ~ {COV?(Kz) + COV*(K,) + COV2[G(6,,)]
+ COV2[Cp, pk(6m)]
+ 4COV2[USL(N)]}1/2 (12)

X, - {mr (13)

Uspn (N)

These forms are similar to those proposed for standardization
purposes by Ellingwood et al. (1980). The factor ¢ is a constant
that depends upon the type of wind effect, and 6,, denotes the aero-
dynamically most unfavorable direction. Ellingwood et al. (1980)
proposed COV(K,) approximately equal to 0.16, COV[C,, ,x(6,,)]
approximately equal to 0.12, where C,, ;(0,,) denotes peak pres-
sure coefficient, and COV[G(6,,)] approximately equal to 0.11,
where G(6,,) denotes the dynamic response factor. It may be as-
sumed that COV(K,) is approximately equal to 0.05, where K,
denotes the directionality reduction factor that accounts for the
fact that the direction 6,, and the direction of the largest directional
wind speeds typically do not coincide [see Habte et al. (2015)].
No explicit allowance for K; was made in Ellingwood et al.
(1980), although its effect appears to have been accounted for
implicitly. According to extensive data available in Simiu et al.
(1979), for nonhurricane regions it may be assumed conservatively
that COV[USai(N)] is approximately equal to 0.10 to 0.12, due
predominantly to sampling errors. Using these values, Eqs. (12)
and (13) yield COV[p;‘f(zm,N)] approximately equal to 0.31 to
0.33. By Eq. (10), with 8 =2, v,,4q = 1.62 to 1.66. The ASCE
7-05 (ASCE 2005) standard adopts the value 7,,4q = 1.6.

In the second version of Eqs (9) and (10) the expressions ppy ges

and py are replaced by ppk qes and p J, respectively. The super-

script “obj” indicates that uncertainties of the terrain roughness
lengths are accounted for by using data similar to those of Masters
et al. (2010). The following expressions are used for the estimation

of the expectation E [pp J(zstr N)] and the coefficient of variation
COVIp (s V)]

E[P;EJ(ZWN)] ~ CE[Kd]E[G(gm)]E[Cp,pk( )][E[U()b]( )]]2
(14)
COV[p (24 N)] & {COV2(K,) + COV[G(D),)]
+ COVZ[C, i (0,,)] + 4COV[URI (N)]}1/2
(15)

The factors ¢, E[K,], E[G(0,,)], and E[C), ,(0,,)] are the same
in Egs. (11) and (14). Therefore, from Eqgs. (11), (13), and (14)

Elpyi(zar-N)] _EK

HEUspan (N} - {E[UG ()]}
E[PObJ(ZsmN)]

{E[UG (V)] {E[UI (V)Y
(16a)

where the second approximation follows, because

© ASCE

{E[USY(N)]Y
(E[USL(N)Y

The approach described so far in this section conforms to the origi-
nal load and resistance factor design approach. A modified load and
resistance factor design (LRFD) approach was used in the ASCE 7-
10 and 7-16 standards, wherein the wind load factor, denoted by
Yywmods Where “mod” stands for “modified,” was set to be unity,
that is, ¥,ymoa = 1-

The design wind load is then defined by the expression

E[K.] ~ (16b)

p(rine(;d(zstr’Nmod) = E[ppk(zsu’vaod)] (17)
where the value of the modified MRI N4 is such that
p;}?ges(zstr’Nmod) = ppkdes(zstr’N) (18)

The following relationship was used to obtain the value of N4
specified in the ASCE 7-10 and ASCE 7-16 standards:

Ninoa = 0.00228 exp{[3.6 + In(12N)]\/7,,} (19)

for more details, see the section titled, “Return Periods for Design
with a Wind Load Factor of 1.0” in Vickery et al. (2010) and
Egs. (13) and (14) therein]. For example, let (1) N = 50 years
and +,, be approximately 1.6; and (2) N = 100 years and +,, be
approximately 1.6. Eq. (19) yields N4 equal to approximately
700 years and N ,,q equal to approximately 1,700 years for cases
(1) and (2), respectively, as in the ASCE 7-10 and 7-16 Standards.
Because they depend on 7, of approximately 1.6, which depends,
in turn, on subjectively estimated surface roughness lengths, these
values are also based on subjectively estimated surface roughness
lengths. The effects of basing the estimation of N .4 on objectively
estimated roughness lengths could be significant, as will be shown
in the following section. We now consider an example mainly de-
voted to comparing results yielded by Eqs. (11) and (12) on the one
hand and Egs. (14) and (15) on the other hand, using for both cases
the same values of the means and standard deviations of K 4, G(6,,,),
and C,, (0,,) and the same safety index 3 = 2.

Example

We analyze a 30-storm record of simulated peak hurricane mean

obj obj .
hourly wind speeds Ujgi., = max;{Uij(Zopens Zoopen)s @ = 1.2,

3, ..., 30, at zype, = 10 m over terrain with the subjectively deter-

mined open exposure zg“:;en = 0.03 m. In this example, we sup-

press dependence on the direction j; that is, we assume that the
terrain exposures are the same in all directions. The location being
considered is Miami, Florida (milepost 1,450), where the estimated
storm arrival rate is 0.56/year (see www.nist.gov/wind); therefore,
a 50-year MRI corresponds to 50 years x 0.56/year = 28 storms.
The record consists of the estimated largest speeds in storms 1
through 30 (see the last column in the listing of the speeds in
www.nist.gov/wind); the sample mean, standard deviation, and co-

efficient of variation are E [U?gjpen] =20.72m-s7!, SD[U?ngen] =
6.87 m - s~!, and COV([U?,,] = 0.33. By taking o, = 0.03 m
and 7™ = 0.3 m and applying Eq. (7) to the 30 wind speeds

U;’B’Wn, we arrive at the results in Table 1.

Next, estimated wind effects U (N = 50 years) and corre-
sponding standard deviations are obtained by the Monte Carlo
procedure as described previously in this paper, but instead of sam-

pling from the appropriate distribution of objectively determined
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Table 1. Mean, standard deviation, and coefficient of variation of Ufl;:’rj by
obj

. subj
iopen ASSUMING Z = 0.03 m and

applying Eq. (7) to the 30 values of U 0open

subj
Lostr — 0.3 m

Zu (M)  E (U] (m-sh)

COoV [US*™]

isr

SD [[U™]))(m - s71)

10 14.73 4.88 0.33
20 17.64 5.85 0.33
40 20.55 6.81 0.33
120 25.17 8.34 0.33

Table 2. Mean, standard deviation, and coefficient of variation of
subj

U (N = 50 years) as obtained by Monte Carlo simulation with z

Oopen —

0.03mand zJ™ =03 m

E (U3 SD (U3 .
Zsir (N = 50 years)] (N = 50 years)] CcoV [ULM
(m) (m-sh (m-sh (N = 50 years)]
10 254 2.1 0.08
20 30.50 2.5 0.08
40 35.60 3.00 0.08
120 43.50 3.70 0.09

roughness lengths, the roughness lengths are assumed to be fixed at
their subjectively determined values 0.03 and 0.3 for the mete-
orological site and structure, respectively. We obtain the values

in Table 2. These are differentiated from the wind effects U (N)
described in the Monte Carlo procedure by the superscript “subj” to
indicate that uncertainty due to the subjectively estimated rough-
ness lengths is not included.

The wind effects U (N = 50 years) at zq = 10 m, 20 m,
40 m, and 120 m over terrain with Z(S)u::)en =0.03 m and )™ =
0.30 m are shown in Table 3.

With reference to the second column of Table 3, the reader may
be curious why accounting for uncertainty in the estimated surface
roughness lengths has a consequential impact on the mean value of
the wind effect of interest. From Fig. 3, as expected, accounting for
uncertainty in the surface roughness lengths increases the spread of
the distribution of wind effects. This can be seen by comparing the
top panel of Fig. 3 to the bottom panel. However, it also skews the
distribution toward higher wind effects, which then pulls the mean
toward those higher values. This can be seen in the bottom panel
of Fig. 3.

Consider now a comparison of the subjectively and objectively
estimated wind effects implied by the wind speeds with 50-year
MRI from Tables 2 and 3. It follows from Egs. (9)—(12) and
(14)—(16) that

Ppiaes (2 N = 50 years)  {E[U3” (N = 50 years)]}’ 7,5
Pies (Zan N = 50 years) — {E[Us)(N = 50 years)]}* Ywobi
= R(zg, N = 50 years) (20)

may be defined to be the wind loading underestimation ratio as-
sociated with neglecting uncertainty in subjectively determined
roughness lengths. Consider the case zy, = 10 m. We have

subj A7 — ears)|}? .
{E[USY (N = 50 years)]} (%)220.73 (21)

{EIUSI(N = 50 years)]}*
From Eq. (15), with COVI[C, «(0,,)] =0.12, COV[G(0,,)] =
0.11, COV(K,) = 0.05, and COV[UY(N = 50 years)] = 0.27
(see Table 3), it follows that COV [p;EJ (Zge =10 m, N =
50 years)] = {0.05% + 0.112 + 0.12% + 4 x 0.272}/2 = 0.57. The
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Table 3. Mean, standard deviation, and coefficient of variation of
U (N = 50 years)

E (U SD (U .
Zar (N = 50 years)] (N = 50 years)] Ccov [U%
(m) (m-s7h) (m-s7h) (N = 50 years)]
10 29.80 7.90 0.27
20 35.10 8.30 0.24
40 40.20 3.80 0.22
120 48.20 9.50 0.20

wind load factor corresponding to 8 =2 is 7,y = 1 + 3 COV
[pl?ﬂt(’J (zgr» N = 50 years)] = 1 +2 x 0.57 = 2.14. Because, as
was shown in the previous section, v, qa = 1.6, Vyp5a/Vwobj =
1.6/2.14 = 0.75. 1t follows that R(zy, = 10 m, N = 50 years) =
0.73 x 0.75 = 0.55. Therefore, at a height of 10 m at the structure
site, the design peak wind effect with a 50-year MRI, p des (10 m,
N = 50 years), obtained by using the wind load factor specified by
the ASCE 7-05 standard in conjunction with a 50-year design wind
speed, is 45% lower than its counterpart obtained by taking into
account uncertainties in surface roughness lengths.

Note that the ratio R remains the same if the standard peak
design effect is replaced by its modified counterpart consistent
with the ASCE 7-10 and ASCE 7-16 standards, which specify, for
most structures, a wind load factor equal to unity in conjunction
with a 700-year design wind speed. In this case, by virtue of
Eq. (19), the modified MRI N4, instead of being approxi-
mately 700 years (corresponding to a wind load factor of 1.6),
iS Nppog = 0.00228 exp{[3.6 + In(12 x 50)]v/2.14} = 5,120 years,
corresponding to an objectively estimated wind load factor of 2.14.

Following the steps that led to Eq. (20), we obtain the following
values of R at other heights: zy = 20 m, R(50 years) = 0.60;
Zgr =40m, R(50years) =0.65; and zy = 120m, R(50 years) =
0.70. The underestimation of design wind loads for these values is
40%, 35%, and 30%, respectively. Similar results are obtained for
30 wind speed samples at mileposts 500, 1,450, 1,950, and 2,150
for both 50-year and 100-year MRIs.

For a special category of buildings of exceptional importance,
McAllister et al. (2018) proposed a design wind load with a modi-
fied MRI N,.q = 3,000 years based on subjectively determined
surface roughness lengths. However, even if N, = 5,120 years
based on subjectively determined surface roughness lengths was
specified for design purposes, the objective counterpart of this
modified MRI would be 700 years. To the specified N ,q =
3,000 years based on subjectively determined surface lengths there
would correspond an objective counterpart of less than 700 years
rather than 3,000 years.

Interpretation and Recommendations

We offer the following physical interpretation of the results ob-
tained in this example. For lower values of the surface roughness
length, the retardation of the flow decreases; this means that the
velocity at the structure site increases. For example, for zjt) =
0.20 m the fact that, predominantly, z33 < z5'™ (Fig. 1) results
in stronger winds acting on the structure than would be the case

if the structural design were based on the value th:tg This explan-
ation provides insight into why failure to account for the uncer-
tainties inherent in subjective surface length determinations can
significantly underestimate design wind speeds.

We have argued that the use of data obtained by Masters et al.
(2010) shows that failure to account for the uncertainties inherent in
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Fig. 3. Histograms of the distribution of the wind effect of interest considering sampling variability only, and sampling variability plus uncertainty in

the estimated surface roughness lengths.

subjectively determined roughness lengths can result in significant
underestimation of wind loads acting on structures sited in terrain
with open and suburban exposures, with adverse consequences
from the point of view of structural safety and community resil-
ience under powerful windstorms. We submit that this can be cor-
rected by effecting two changes in the provisions of the ASCE 7
standard. Before the inception of a construction project, measure-
ments of the relevant surface roughness lengths should be per-
formed so that no resort to their subjective estimation is necessary.
For effective procedures for performing such measurements, see,
for example, Masters et al. (2010) if historical data are available
and Simiu and Yeo (2019) (Example 2.14, p. 35) if historical data
are not available but a limited number of turbulence intensity data
can be obtained. If only subjective data are available, standard pro-
visions should be developed that account for the uncertainties in-
herent in those data.

Conclusions

The effects of uncertainty in subjective determinations of surface
roughness lengths on the estimation of design wind loads for struc-
tures with open and suburban exposures have not been considered
in the past due to a lack of relevant data and methods. This paper
described tools for propagating uncertainties in determinations of

Appendix. Python Code for Monte Carlo Procedure

Function Definitions

surface roughness lengths and applied them using comprehensive
data produced jointly by the University of Florida, Applied Re-
search Associates, and the National Hurricane Center. Estimates of
design wind loads were made using wind load factors as defined
in the original load and resistance factor design approach in con-
junction with wind speeds with mean recurrence intervals on the
order of 100 years. A typical example was presented; it was found
that failure to adequately account for uncertainty in the subjective
determination of surface roughness lengths resulted in estimates
of design wind loads lower than their counterparts based on ob-
jectively determined roughness lengths by 45%, 40%, 35%, and
30% for 10-, 20-, 40-, and 120-m elevations above the surface,
respectively. This finding was shown to be equally applicable to
estimates of design wind loads obtained using a wind load factor
equal to unity in conjunction with wind speeds with MRIs on the
order of 1,000 years as specified in recent versions of the ASCE 7
Standard.

For reliability estimates to be useful, uncertainty quantification
procedures applicable to engineering structures need to be devel-
oped for all factors that determine wind effects. Results of such
procedures will enable the determination of the reasons for the
large discrepancies noted in publicly available interlaboratory
comparisons—for example, those reported in SOM (2004) and
Fritz et al. (2008)—and the development of standard provisions
resulting in safer, better performing structures.

import numpy as np
import scipy.optimize
import pandas as pd
import numpy as np
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Appendix. (Continued.)

def ll(theta, x):
mu = theta[0]
Ibeta = theta[1]
beta = np.exp(lbeta)
n = len(x)
terml = n*lbeta
term2 = (1/beta)*(np.sum(x) - n*mu)
term3 = np.sum(np.exp((mu - x)/beta))
return terml-+term2+term3
def gumbel_mle(x):
beta_hat = np.sqrt(6)/np.pi*np.std(x)
mu_hat = np.mean(x) - beta_hat*np.euler_gamma
Ibeta_hat = np.log(beta_hat)
mle = scipy.optimize.minimize(ll, np.array([mu_hat, lbeta_hat]),
args=(x))
tmp = mle.x.copy()
mle_est = np.array([tmp[O], np.exp(tmp[1])])
tmp = mle.hess_inv.copy()
mle_vcov = np.array([[tmp[0, O], tmp[O, 1]*mle_est[1]],
[tmp[0, 1]*mle_est[1], tmp[1, 1]*mle_est[1]**2]])
return mle_est, mle_vcov
def gumbel_return_value(x, m, N):
mle_est, mle_vcov = gumbel_mle(x)
mu = mle_est[0]
beta = mle_est[1]
terml = beta*np.log(m)
term3 = beta*np.log(np.log(N) - np.log(N - 1))
return terml + mu - term3
def a_mult(zOobj_str, zOobj_open, z_str, z_open):
term] = (zOobj_str/z0obj_open)**0.071
term2num = np.log(z_str/z0obj_str)
term2denom = np.log(z_open/z0obj_open)
return term1*(term2num/term2denom)
def boot_rep(wind_speeds, m, N,
z0obj_str, z0obj_open,
7_str, z_open,
z0subj_str, zOsubj_open):
wind_speeds_star = np.random.choice(wind_speeds,
wind_speeds.shape[0])
a_subj = a_mult(zOsubj_str, zOsubj_open, z_str, z_open)
N_year_star = gumbel_return_value(a_subj*wind_speeds_star,
m, N)
z0obj_str_star = np.random.choice(zOobj_str, 1)
z0obj_open_star = np.random.choice(zOobj_open, 1)
a_star = a_mult(zOobj_str_star, zOobj_open_star,
z_str, z_open)
N_year_star_a = gumbel_return_value(a_star*wind_speeds_star,
m, N)
return [N_year_star, N_year_star_a]

Script to Read Data and Generate Monte Carlo Samples

# Constants to define for the simulation
z0subj_str = 0.3
z0subj_open = 0.03
z_str = 10
z_open = 10
N =50
windspeed_file = "./milepost1450.txt'
n_boot = 10000
# ' +'is the regular expression for one or more spaces
wind_speeds = pd.read_table(windspeed._{file,
skiprows=3, header=None, sep="+)
# the factor is to translate from 1-min speeds in knots to mean hourly
# WSP in m/s
wind_speeds = 0.447%1.15%(1.0/1.24)*wind_speeds.iloc[0:30, -2].to_numpy()
with open(windspeed_file, 'r') as file:
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Appendix. (Continued.)

for i in range(3):
storm_rate = file.readline()

storms_per_year = float(storm_rate.split()[0])

z_vals = pd.read_csv('./tidy_z0_data.csv')

obj_not_nan = np.logical_not(np.isnan(z_vals.Objective))

vis_not_nan = np.logical_not(np.isnan(z_vals.Visual))

z_vals = z_vals[np.logical_and(obj_not_nan, vis_not_nan)]

z0obj_str = z_vals.Objective[z_vals.Visual == zOsubj_str]

z0obj_open = z_vals.Objective[z_vals.Visual == zOsubj_open]

N_year_boot = [boot_rep(wind_speeds, storms_per_year, N,
z0obj_str, z0obj_open,
z_str, z_open,
z0subj_str, zOsubj_open)

for i in range(n_boot)]
N_year_boot = np.array(N_year_boot)

Data Availability Statement

All data, models, or code generated or used during the study are
available in a repository online (www.nist.gov/wind) in accordance
with funder data retention policies.

Notation

The following symbols are used in this paper:
a;.s=Monte Carlo sample of a;;
a;=amount by which wind speeds in open terrain
at elevation z,p., are modified as functions of
objective surface roughnesses zgtgpen ; and

obj . .
Zogr; and measurement heights zqpe, and zg;

C, p(0,,) = peak pressure coefficient;
G(0,,) = dynamic response factor;
i=1,2, ..., im,, =storm index;
J=1,2, ..., jma = direction index;
K = directionality reduction factor;
Ppkdes (Zsi» N) = design peak wind effect with an N-year MRI;
Ppi(Zer-N) = peak wind effect with an N-year MRI;
R(zg, N) = wind loading underestimation ratio associated
with neglecting uncertainty in subjectively
determined roughness lengths;
r and s = superscripts indicating Monte Carlo samples;
U ,-.,-(Zopen,zgt(’)jpen ;)=wind speed for storm i from direction ; at
height zqpe, for surface roughness
length th())Jpenj;
U ,—_,—(zstr,zgz{r ;)=wind speed for storm i from direction j at

height z, for surface roughness length zggir =
U™ = Monte Carlo sample of the maximum wind
~ speed taken over direction j;
U =bootstrap sample of the Monte Carlo sample

of the maximum wind speed taken over
‘ direction j;
Uzlf,?n(N ) =wind effect at the meteorological site with
N-year MRI assuming the subjectively
. determined surface roughness length;
U™ (N) = Monte Carlo sample of the true wind effect at
A the structure with N-year MRI,;
USM(N) = wind effect at the structure with N-year MRI
assuming the subjectively determined surface
roughness length;

© ASCE

uit’j open = friction Velocit}{ for sForm i from direction j at
. the meteorological site;
ui‘i’}m = friction velocity for storm i from direction j at

the structure;
Zopen = Height of wind speed measurements at the
meteorological site;

zgszen j =true surface roughness length at the
4 meteorological site for direction j;
zglfpren ; =Monte Carlo sample of the surface roughness
length at the meteorological site from
. . PR subj
direction j given Z0open >
ZSﬂgen ; =subjectively determined surface roughness
length at the meteorological site for
direction j;
obj

Zogyrj = true surface roughness length at the structure
‘ for direction j;
Zoo  =Monte Carlo sample of the surface roughness
length at the meteorological site from
subj |
. Ostrj°
pow ;= subjectively determined surface roughness
length at the structure for direction j;
z =height of structure;
~,»(N) =wind load factor; and

6,, = aerodynamically most unfavorable direction.

direction j given z
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Queries

1. Please check and confirm that all the math corrections are incorporated correctly.
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