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ABSTRACT

The most basic mass conservation method is described here in detail. A simplified
version of this method is then applied to estimate the wind field over a region of
complex topography, the Metropolitan Region of Sdo Paulo City, Brazil. The
resulting adjusted wind field and its horizontal divergence patterns compare well
with observed wind field, indicating that the topography has a major effect in the
investigated area.
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Introduction

The appropriate description of wind field over complex terrain is important to
prognostic correctly the temporal and spatial evolution of airborne pollutant.

Operationally the wind field can be estimated by interpolating observed values at
surface and/or from vertical soundings (Goodin et al., 1979 and 1981; Maddox,
1980; Kock et al., 1983). Despite its very low computational cost, this procedure
usually presents errors due to inadequate instrumentation exposure, deficient
calibration and lack of spatial resolution. These errors are particularly important
over regions of complex topography.

Alternatively, the wind field can be obtained from numerical simulation using
numerical models with horizontal resolution of 1 km or even smaller such as the
Fifth-Generation NCAR/Penn State Mesoscale Model (MM5), Regional Atmospheric
Mesoscale Model (RAMS), and Three-dimensional Vorticity Model (TVM) etc. In
spite of their physical capability, running mesoscale models in a regular basis has
a large computational cost. Besides, lack of observation in high spatial resolution
precludes an appropriate specification of boundary and initial conditions, reducing
considerably the performance of numerical simulations.

A method that compromises simple interpolation routine with physical constraints
will be explored in this paper. In this technique the effect of topography is
estimated imposing mass conservation to the observed wind field (Dickerson,
1978; Sherman, 1978). Compared to simple interpolation scheme, this method is
superior because it incorporates a physical constraint - mass conservation.
Compared to mesoscale models, this method has a much lower computational cost
and therefore, it can be used routinely to estimate wind field for a broad range of
applications (Endlich et al., 1982; Moussiopoulos and Flassak, 1986; Durran,
1990).

In this work, the most basic mass conservation method is described in detail in
order to clarify derivation procedure, which has not been explicitly addressed in
the literature. A simplified version of this method is then applied to estimate the
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wind field over a region of complex topography, the Metropolitan Region of S&o
Paulo City, Brazil. The resulting adjusted wind field and its horizontal divergence
pattern are compared to observed wind field.

Investigated Area

The wind field will be estimated in the northern portion of the Metropolitan Region
of Sdo Paulo (Figure 1). The central point of this area corresponds to 23033'35"S
and 46943'55"W. The main topographic features are the valleys of: Tieté River,
oriented in the east-west direction; Pinheiros River and Tamanduatei River both
oriented in the south-north direction. The high elevation seen in the northeast of
this domain corresponds to Cantareira Mountain with crests up 1000 meters.
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Figure 1. Topographic features of northern portlion of the Metropolitan
Region of Sao Paulo (50 by 50 km). The contour gray-scales represent the
topographic levels (in meter). The small rectangle represents the
observation domain.

The small rectangle shown in Figure 1 represents the region of the domain where

there are wind field observations utilized in a previous study (Oliveira et al.,
2003). This region, hereafter, will be called "observation domain".
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Observed Wind Field Over the City of Sao Paulo

According to Oliveira et al. (2003), the wind hodograph pattern over the
observation domain has an elliptical shape in almost all months. The wind
hodograph and the diurnal evolution of the wind speed - both averaged over the
observation domain - are displayed, respectively, in Figures 2 and 3, for April
1988. Figure 4 shows the diurnal evolution of the wind field divergence over the
observation domain also for April 1988. According to the authors the pattern, seen
in Figure 4, is caused by the combination of sea breeze and topographic effects in
the Sao Paulo City area.

April 1988
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Figure 2. Hodograph of the observed wind field, averaged over the
observation domain for April 1988 (from Oliveira el al, 2003). The
numbers indicate local time.
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Figure 3. Diurnal evelution of the observed horizontal wind speed,
averaged over the observation domain for April 1988 (from Oliveira et al.,

2003).
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Figure 4. Diurnal evolution of the observed horizontal wind field

divergence, averaged over the observalion domain for April 1988. The
bars represent the errors (from Oliveira ef al., 2003).
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Mass Conservation Method

Reynolds-averaged wind field can be considered non-divergent when the scales of
turbulent motions in the planetary boundary layer (PBL) are taking into

consideration (Dutton, 1986). Therefore, dufdx +dVfdy+dw/dz =0 js a valid
approximation for the mass continuity equation, where (I, ¥. W) are zonal,
meridional and vertical components of Reynolds-averaged values of the actual

wind field and x, y and z are, respectively, zonal, meridional and vertical
directions. The Reynolds averages are indicated by bars over the symbols

Regardless the interpolation scheme, there is no guarantee that the interpolated
wind field (?.'-'”) obeys the mass conservation law described above. Wind field

divergence is usually different from zero (D.?.'-'” # 0) as result of (i) measurement
errors; (ii) lack of spatial resolution and (iii) numerical errors inherent in any
interpolation scheme. Errors (i) and (ii) are particularly important in areas with
complex topography.

To overcome this inconsistency it is hypothesized that the difference between the
actual and interpolated wind field is induced only by the topography. Expressing

this difference by I__" = 1_'-’—?], the mass conservation in the PBL can be rewritten as:

Vi=-Vy’ (1)

F_—=c? =ct =c . . F_—F, =1 =3

c=u i+ v j+w K jsthe correction; V=U1+ V J+W K the actual
) F0o _=07, =07 e ) . .
windand v =u 1+ v ]+% the initial guess or interpolated wind field.

Assuming that the correction can be expressed in terms of the gradient of a
potential function, (1) can be written as:

vig=-vi (2]

This equation can be solved numerically, for a given interpolated wind field ?"(x,

y, z) and appropriated boundary conditions for §(x,y,z), so that the actual wind
field can be estimated as:

dx dy d 7

{W,?,W}:{EM‘:’—‘I’. A T“+a—¢'}’ (3)

=i} =} =—ll} Lo .
where ('-' 2V W ] are the zonal, meridional and vertical components of the
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interpolated wind field (¥") in a regular grid. In general it is assumed that $ =0 at

the boundaries (Brocchini et al., 1995).

Unfortunately, the wind observations are routinely available only in one, or few
more, point at the surface, making necessary to interpolate the wind field for the
rest of domain in order to apply equations (2) and (3). The lack of vertical wind
field information is even more critical but it can only be overcome by vertically
averaging equation (2):

J vy? dz (4

where zg is the wind measurement level (zg = z5 + 10 m) and z4 is the surface
height.

The topographic adjustment depth (h) has several equivalent definitions in the
literature. For instance, Dickerson (1978) defined h as the height of the mixed
layer. On the other hand, Ross and Fox (1991) defined h as a characteristic height
associated to the topographic elements of the terrain. Ludwig et al. (1991) defined
h as the height where the work done against the buoyant restoring force equals
the kinetic energy as the surface flow parcels are displaced vertically by the
topographic elements. This last definition allows to estimate h as:

h=Vg/Ng (5)

where Vg is the observed horizontal wind speed magnitude at the reference level,
and Ng the Brunt-Vaisala frequency. In this work h will be given by the Ludwig et
al. (1991) definition and estimated from (5).

h
Defining the vertically average value of a function f as 0= (h - zg)-1 Lsf dz,

equation (4) can be written as:

R N

i =+ d + Fo _ =07
where Vy =ﬁ1 + I j* Yh=ui+ v J and the contribution due to vertical structure

of the wind (g):
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with q_':(zs) = $(x, Y, Zg) and $(h) = q_a(x, y, h). The details about the derivation of
equations (6) and (7) are given in Appendixes A, B and C.

Equation (6) is the complete version of continuity equation averaged vertically
through the topographic adjustment layer. As far as the authors are aware this
equation version is not available in the literature.

The most known simplified version of equation (6), used in several applications
(Anderson, 1971; Dickerson, 1978) and utilized also in this work, is:

?EI@ :—[]1_;‘,.]"{1?” '[[h—fﬁ]{fﬂ”} (8)

The correction resulting from the equation (8)corresponds to:

(.0 )= {50) + 22 )4 28 gl

d X o v

Expression (7) contains all the terms that have to be summed to zero in order to
eliminate the error when (8) is applied to estimate the correction for the vertically
average wind speed that is adjusted to the topography.

The error indicated in the expression (7) can not be completely estimate for real

flows, because it depends ¢ and interpolated (initial) flow at the boundaries of the
domain, which are not available. However, the error given by (7), can be
minimized by considering a constant topographic adjustment depth as it was done
here. In this case all spatial derivatives of h in (7) are equal to zero and the
remaining terms will be a function of the topography.
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Numerical Solution

Equation (8) was written using finite-difference on a regular grid and its solution
was obtained using a two-dimensional Black and RedSequential Over-Relaxation

routine (Press et al., 1992). [# 0= 0 was considered as boundary condition
(Brocchini et al. 1995). The used grid has 100 by 100 points distributed over an
area of 50 by 50 km. The grid resolution corresponds to the topography resolution
(500 m).

The topographic adjustment depth was set constant and equal to 150 meters. This
value was obtained from expression (5), considering as typical value for the
horizontal wind speed magnitude at the reference level (Vg) the averaged value

for April 1988 (Figure 3), 1.1 m s—1, and for the Brunt-Vaisala frequency Ng —
0.008 s—1. The Ng corresponds to a value of potential temperature vertical

gradient of — 2 K km~—1, typically observed in the morning periods in the region of
Sao Paulo city during April (Oliveira and Dias, 1982).

It was assumed that the wind field, used as input in the mass conservation
method, has a diurnal evolution pattern with elliptical shape (Figure 5, dashed

line) similar to the averaged wind observed in the area of Sao Paulo City (Figure
2). The corresponding input wind intensity can be seen in Figure 6 (dashed line).

In these figures are also displayed the adjusted wind field averaged over the
observation domain (continuous lines). The largest difference between input and
adjusted wind fields occurs during nighttime (18-03 LT).
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Figure 5. Input (dashed line) and adjusted (continuous line) wind
hodographs. The numbers indicate local time.
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Figure &. Diurnal evolution of the input (dashed line) and adjusted
(eontinuous line) wind speed, averaged over the observation domain.
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The diurnal evolution of the horizontal wind divergence obtained from the adjusted
wind field over the observation domain (Figure 7) is similar to the observed one
(Figure 4). During the morning the area is dominated by an incipient divergence
followed by stronger convergence in the rest of the period. This pattern is also
present in the observed wind field in Sdo Paulo. The maximum convergence occurs
around 21 LT and around 16 LT, respectively for adjusted and observed wind field.
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Figure 7. Diurnal eveolution of the adjusted horizontal wind field
divergence, averaged over the observation domain.

The maximum convergence at 21 LT, displayed in Figure 7, can be explained by

blocking effects caused by large scale features of the topography (see Cantareira
Mountains in Figure 8). At this time the adjusted wind flow is from South, flowing
against the Cantareira Mountains. This large scale topographic effect can also
explain the adjusted horizontal wind divergence observed during morning hours,
when the wind is from North.
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Figure 8. Adjusted wind field, at 21 LT, on the Metropolitan Region of Sdo
Paulo. The contour gray-scales represent the lopographic levels (in
meter).

The small scale topographic features contribute also to the diurnal evolution of
divergence in the observation domain (Figure 7). The adjusted wind field,
displayed in Figure 9, responds to small valleys and hills in the observation
domain. This small scale blocking effect is clearly observed in the spatial
distribution of the horizontal divergence (Figure 10).
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Figure 9. Adjusted wind field, at 21 LT, on the observation domain, The
contour gray-scales represent the topographic levels (in meter).
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Figure 10. Adjusted horizontal wind field divergence, at 21 LT, on the

observation domain.

Discussion and Conclusions

http://www.sciel 0.br/sciel 0.php?script=sci_arttext& pid=S1678-58782003000200002& Ing=en& nrm=iso (13 of 21)16/9/2004 10:44:22



Journal of the Brazilian Society of Mechanical Sciences and Engineering - <...hod to investigate the wind patterns over an area of complex topography</B>

The derivation of mass conservation method described here indicates that
simplified version of this method (egs. 8 and 9) has an error that depends on: (i)
the observed wind field vertical structure; (ii) the spatial variation of the
topographic adjustment depth; (iii) curvature of topography; (iv) vertical
component of observed wind at the top of the topographic adjustment depth and
at reference level. Unfortunately this error can not be evaluated for real flows.
However, the assumption of a constant topographic adjustment depth, assumed in
the applications carried out here, contributes to reduce this error.

A simplified version of this method was applied to estimate the wind field over the
Metropolitan Region of S&o Paulo City. The results show that for h estimated from
equation (5), the absolute value of the correction lies between 0 and 11 m s-1,
and the resulting wind field is strongly modulated by topography. Under this
circumstance, the diurnal evolution of the adjusted wind field was similar to the
averaged wind observed in the area of Sdo Paulo City. The amplitude of the
divergence signal was also comparable to the observed in S&o Paulo indicating
that the simplified expression used here to estimate h is appropriated for the
topography of the investigated area and for the observed meteorological
conditions during April 1988.

The horizontal wind divergence obtained from the adjusted field indicates that
both large and small features of topography have a major effect in this area. The
divergence during morning hours and convergence in the rest of the period are
present in the observed and adjusted wind fields, clearly indicating that the
topography has a major effect in the wind behavior in Sdo Paulo. The presence of
Cantareira Mountains alters significantly the sea breeze circulation in Sao Paulo,
blocking the northerly flow during the morning and the southerly flow in the rest
of the period. The small scale topographic features contribute also to the diurnal
evolution of divergence in the observation domain.
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Appendix A

The right side of equation (4) can be written as

_ -1 hix,¥) _
<x-'_1-'“> = (h- ,-%:I v 3 a

.-'Hlilx,j. )
—1 | hix,y) -0 hix,y) a
= {tl - Ill';:.) | (."I-'-H _"-h'l;l )ll.-': -+ | dw
) .r_,,;h.g.-:l Ze(x,y)

(A])
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Applying Leibnitz's rule to move the Uy outside of the integral, yields
h —
[h—z I I'f-".i"' dz
Iy
) = =il =i
h £y } H* J—Hd"' |[h}'v1|h+;‘:j:|[?'+lvu?h+w {h}_w {?‘.'-:}
{A2)

h
Defining the vertically averaged value of the function f as @0= (h - zg)-1 -[lsf dz

results in:

(v_‘-.,_'iu> = {I'l—.r._a,-,}_l{ TE{-[{]"_EHK:'T‘\%)]

- [Frovan-30)] + [Fls)ees - 7] |

(A3)
Appendix B
The left side of equation (4) can be written as:
. v) byl / -o= = 3=
(V8) = bh=zgJ" [V =(n-ss)" | [d 422422 g
zsly) zelxy) dx” Ej:r'_ oz~
(B1)

Considering only the x-direction and applying the Leibnitz's rule:

'I*;FEI g (ae PR ) 'iaa rﬁl[h}ﬂ_kaazﬂ}ﬂ
dx - dx dx dx  dx
(B2)

Applying once more,
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Tﬂm—il_f _qn]ﬂ_,_ aﬁa] dolh) oh _ ddlzg) O

rgaf B T Hxﬁ S ax dx dx dx  dx
(B3)

Resulting expression is

]'. - _ al h_ . _Eﬂh}é}_h_i_{}-ﬂzﬂalg
T . dx dx  dx  dx

- B?h A g Da{h] dh  ooleg) dzg
+| - q] —
| ax2 dx dx  dx dx

(B4)

For the three directions

e *h ailh) ah  dlzg) g | |= b = g
I_d'r' - _r [&hﬂ_x dx  dx -ﬁh}ﬁ-ﬁfﬁ}ﬂl

:q.;a“_ *
(B5)

07 dolh)an_ Hlz,)az | 50107

hTyfh = Ef'i-d Iy &_} ?ﬁ] [‘;’{ }ﬁ ¢|:.r£} ]
{Bf!}

ho-2= - I

[ J g = do(h) _ 90(zg) (B7)

zﬁa“h dz dz

h —
Considering F$D: (h -z9)1 qu;(x, Yy, z)dz, the vertically integrated potential

function, the expression above becomes:

. & aih) dh  dlzg) 9
I{axfd? 32 [Eh xax aﬂ] [

h 3 dm,}

(B3)
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h '.r-
e e e e S A
. J

{B‘J‘}

Similarly, considering the others directions, the Laplacian vertically integrated in
the PBL can be finally written as:

(%) = bzl
- fh-zEH 2V Vi) + MHJ?I-P EIEu{h} ]
+ ‘1':5}-1{2?#5 ."':"Ht_,p[zs}+ E{:EFEFS — aﬁ;}is}
| (B10)
Appendix C

Combining both sides of (4) as derived in the Appendixes A (A3) and B (B10)

(h—zg)'V7;

(E})[h—ﬁﬁ H ~(h- 'f-.-;}"|:2?| h Syalh) + olh)Vih - aii_:}

+ {|1—-‘55;}_l[3?}{'-’+: Vydlzs) + olzs Wiz - ﬂﬂa?}] =

) '[vH.[{n-zﬁlﬁﬂ)}-[lﬂfm.m-E«“{hﬂa-[m{zs}.ws—ﬁq}

(C1)

The first term in the LHS of equation C1 can be rearranged as
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[h - rﬂ]"?ﬁ|{$){h - ?.;]]:| =

e o 25 o o)

(C2)

and the result can be substituted in (C1)

(h—zg }"{[h - zs]vi@ +1vH($}-vH h— zg +@vﬁ{h . ]}

- {h—zﬁ}"[z Vih Vyolh) +  olh)Vih - E‘g[lﬂ ]
+ (= 2g)"| 2Vygzg Vyoles) + olzsWiizs - aﬁ;i’i}]

= -{h—?-s}_'{ T"H-Hh-‘"-!:: Fﬂ)] - F?:[h}-?n“ - ‘-‘“ﬂ{h}]

* |:?|}1 (25) Viyzs = ;n{?—sﬂ] }

(C3)
va(o)=~ln -zg]-'vH_[ h_ISFg}]
—ih—zsl“[l‘?ﬁ{ﬁ}-vn(n-zﬂ] + @)v—ﬁ[h_%]
+lh—zg)” ‘WHh Vel +  #n)vin - 33{:]' }
-br-ag) 25 ) + s - o)

Yz =0
+{h—zg) [unih}.th —w (n)
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+fn- IS}-'F?IMFH.] - ;”{HJ
- {h - g }_l [:'ljl {z:} },‘F HEs — E“{Iﬂ ]}

(C4)

?‘E‘@} = _(h‘"-H}_Ivn-l(h—351<E=!’;>:|+E (C5)

!

where

-]

—[zvnh Vo) +  olb)vih - —}

I dolzg) }

e -{h—zS]']{ [:vH(a}-vH[h_zﬁ] + (3) v

+|2Vyzs Vyolzs) + olzg)Vizg -
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