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ABSTRACT

The hydrometeor water budget of Hurricane Norbert on 24 September 1984 is computed using two micro-
physical retrieval techniques. Three-dimensional distributions of condensation, evaporation, precipitation, and
advection of cloud and precipitation are computed, and a bulk water budget is computed as the volume integral
of these distributions.

The role of the microphysical retrievals is to provide the three-dimensional distribution of cloud water content,
since it cannot be determined with the equipment available. Both retrieval methods use the steady-state continuity
equation for water. The first method determines precipitation formation mechanisms from the radar-reflectivity
and Doppler wind fields. The cloud water content is determined, through microphysical modeling, to be the
amount necessary to explain the rate of precipitation formation. The second method (that of Hauser et al.)
solves the water continuity equations as a boundary value problem, while also employing microphysical modeling.
This method is applied in three dimensions for the first time.

Asymmetries in the water budget of Hurricane Norbert were important, apparently accounting for nearly
half the net condensation. The most condensation and heaviest precipitation was to the left of the storm track,
while the strongest evaporation was to the rear of the storm. Many of the downdrafts were unsaturated because
they were downwind of the precipitation maximum where little water was available for evaporation. Since the
evaporation in the downdrafts was significantly less than the condensation in their counterpart updrafts, net
condensation (bulk condensation-bulk evaporation ) was significantly greater than would be implied by the net
upward mass flux. Much of the vapor required to account for the greater bulk condensation appears to have
come from enhanced sea surface evaporation under the dry downdraft air to the right of the storm track.

The net outflow of condensate from the storm inner core was quite small, although there were appreciable
outward and inward horizontal fluxes at certain locations. A maximum of ice outflow to the left of the storm
track in the front of the storm corresponded well to the ice particle trajectories that Houze et al. suggested were
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feeding the stratiform precipitation found farther outward from the storm center.

1. Introduction

The release of latent heat in clouds can provide the
energy for cyclone development and maintenance
(Kutzbach 1979). Espy (1841) measured the effect of
adiabatic expansion on saturated air and concluded
that the release of latent heat could produce a warm

~core in a storm, which causes inflow into the storm
center. This idea is essentially correct for a hurricane,
and an understanding of the distribution of latent
heating therefore seems essential for understanding the
intensification and maintenance of hurricanes. An ac-
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curate determination of the distribution and intensity
of condensation and evaporation (i.e., a water budget)
is required.

The intensity of the storm (defined either by mini-
mum pressure or maximum wind ) is not directly pro-
portional to the total latent energy release. Malkus and
Riehl (1960) noted that the intensity change of a storm
should be related more directly to the equivalent po-
tential temperature of the air that rises near the center.
The very low pressures and high equivalent potential
temperatures are only possible because of vigorous
sensible and latent heat fluxes from the sea surface.
Emanuel (1986) and Rotunno and Emanuel (1987)
found that the hurricane can be viewed as a type of
Carnot heat engine. They found that the intensity and
structure of an axisymmetric hurricane is controlled
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essentially by the sea surface and hurricane-outflow
temperatures and by the initial structure of the vortex.
The mechanisms that determine how and whether this
maximum intensity is realized are still not fully un-
derstood.

Hurricane intensification cannot be explained fully
without considering the dynamics in the eye and the
relationship between the latent heating distribution and
the angular momentum field. The intensity is related
to subsidence in the eye. Willoughby (1979) showed
that in a hurricane in gradient-wind balance, the trans-
verse (secondary) circulation of the storm is related to
the radial gradient of heating. The heating gradient ap-
pears to be related to the indirect circulation in the
eye. The associated subsidence warming in the eye re-
sults in a lowering of surface pressure. Shapiro and
Willoughby (1982) found that the intensification rate
in an axisymmetric hurricane depended upon the lo-
cation of heat sources relative to the radius of maxi-
mum wind. Heat sources centered near the radius of
maximum wind produced the most rapid storm inten-
sification.

One important factor in evaluating the pattern of
heating in a storm is local efficiency of the clouds in
producing precipitation from condensation. If the
cloud is perfectly efficient then condensation is equal
to the sum of precipitation that falls to the surface as
rain, and the latent heat release is proportional to the
condensation. Since precipitation is not produced with
perfect efficiency, accurate formulation of precipitation
mechanisms is required to estimate condensation and
heating. Better understanding of microphysical pro-
cesses involved in producing hurricane precipitation is
therefore one of the major purposes of this research.

Hurricane microphysical processes hence strongly
affect the distribution of heating and cooling in a hur-
ricane, and hence the storm dynamics. Precipitation
particles that do not fall out directly under the clouds
are advected elsewhere, where their melting, evapora-
tion, and freezing influence the dynamical evolution
of the storm. Marks (1985) noted that the horizontal
vapor convergence into the eyewall may be twice the
observed eyewall precipitation. Although such conclu-
sions remain obscured by uncertainties in the obser-
vations, they nevertheless suggest that a significant
portion of the condensate produced in the hurricane
eyewall may be advected outward in the form of slowly
falling ice particles that fall in the surrounding strati-
form precipitation regions, affecting the dynamics of
the regions surrounding the eyewall.

Lord et al. (1984) used a nonhydrostatic axisym-
metric model to examine the role of the ice particle
microphysics in the development of hurricanes. They
found that the cooling associated with the melting of
frozen precipitation in the stratiform regions outside
the eyewall produced mesoscale downdrafts. These
downdrafts slow the intensification of a hurricane.

This paper is the third in a series examining the inner
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core structure of Hurricane Norbert (1984), which was
explored by a coordinated dual-aircraft mission. One
aircraft sampled ice particle microphysics while the
other obtained detailed Doppler radar measurements
of the air motions. The goal of this series of papers is
to use these aircraft data to describe the kinematic
structure, microphysics, and water budget of the central
region of Norbert in a way that will elucidate the pro-
cesses influencing the structure and intensity of tropical
cyclones.

Marks et al. (1992; hereafter referred to as Part I of
this series) discussed the three-dimensional Doppler
wind field in the inner core of Hurricane Norbert. Their
Doppler winds are the basis of calculations of the water
budget presented in the present paper.

Part I showed the distinct asymmetries in the wind
field of Hurricane Norbert. Upward motion predom-
inated to the left of the track, while downward motion
predominated to the right of the track. Peak updrafts
were located mostly to the left of the storm track, while
peak downdrafts were located mostly to the right. The
strongest downdrafts were slightly radially inward from,
and also downwind of, the peak updrafts and peak re-
flectivity. Below the 2-km level, the radial flow was
inward in front of the storm, and outward to the rear.
Above the 3-km level the radial wind flow switched.
There was a deep layer of inflow into the rear of the
storm, as well as deep outflow in front. This was in-
dicative of strong shear in the flow in which the vortex
was embedded.

In Part II, Houze et al. (1992) analyzed the micro-
physical structure of Hurricane Norbert. Graupel par-
ticles were found to fall out quickly from eyewall con-
vective updrafts. Lighter ice particles generated in the
eyewall updrafts remained suspended above the melt-
ing level much longer and were transported around the
storm and outward. Outside the eyewall region, they
underwent aggregation and fell through the melting
level in a stratiform rainband.

In this study, the water budget of Hurricane Norbert
is assessed by using the Doppler radar-observed ki-
nematic structure of the storm analyzed in Part I. The
detailed three-dimensional wind field is used not only
to calculate the advection of moisture but also as a
basis for retrieving the thermodynamic and micro-
physical structure of the storm. In the context of radar
meteorology, retrieval is a method that uses physical
relationships such as the conservation of momentum,
water, and heat to derive the fields of thermodynamic,
and/or microphysical variables that are consistent with
a Doppler radar-observed wind field. Two methods
for retrieving cloud water content are discussed in sec-
tion 5. Retrievals permit more detailed water budgets
than that of Marks and Houze (1987), who used air-
borne Doppler data and simple assumptions (no re-
trievals) concerning cloud content. The relationship of
the computed water budget to storm inner core struc-
ture and dynamics is evaluated. The results are com-
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pared with the earlier water budget studies of Hawkins
and Rubsam (1968) and Hawkins and Imbembo
(1976) for moderate (Hilda) and intense (Inez) hur-
ricanes, respectively. These earlier studies used only
flight-level data and were thus very limited in spatial
resolution. The retrieved microphysical characteristics
and transport are compared with the analyses of the
cloud microphysical data in Part II. The role of asym-
metric contributions to the water budget is evaluated.

2. Description of water budget

The bulk water budget of a system is an accounting
of the total condensation, deposition, evaporation,
sublimation, storage ( net time change in the total mass
of suspended condensate), and precipitation within the
volume being studied, as well as the advective and dif-
fusive transports of water and ice through the outer
boundaries of that volume. This budget is obtained
from the continuity equation of condensed water and
ice:

9
p(c—e) = 3 (pgw) + V- pVq, ~ KypVqu

0z péz

where ¢ and e are the local values of condensation (and
deposition) and evaporation (and sublimation), re-
spectively, g,, is the sum of cloud and precipitation
water mixing ratio, g, is the precipitation mixing ratio,
p 1s the density of air, Ky is the horizontal eddy dif-
fusivity, K is the vertical eddy diffusivity, V is the three-
dimensional wind, and V7 is the terminal fallspeed of
the precipitation (positive downward). The first term
on the right-hand side (rhs) is the storage term, the
second is the divergence of the flux of cloud and pre-
cipitation by the resolvable wind, the third and fourth
terms are the divergences of the horizontal and vertical
diffusive fluxes, respectively, of condensate, and the
fifth is the precipitation flux divergence (sedimenta-
tion). The left side of (1), p(c — e), is the net conden-
sation (and deposition) or evaporation (and subli-
mation ) in the region represented by a given grid point.

In this study it is assumed that either condensation
(or deposition) or evaporation (or sublimation), but
not both, are occurring within a single grid element. It
is not possible to determine both individually from
(1). The term bulk condensation ( evaporation) will re-
fer to the total water condensed or deposited (evapo-
rated or sublimated) in all the grid cells in the volume
where the net value of p(c — ¢€) is positive (negative).
Net condensation will refer to the difference, conden-
sation (or deposition) minus evaporation (or subli-
mation ), whether for a single grid element or for the
sum of all the grid cells in a given volume.

The bulk water budget is the volume integral of (1).
In this study it is computed for a cylindrical volume

—Kzi( "ﬂ)—ai(pvrqp),- (1)
Z
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surrounding the storm center. Bulk condensation is
then the volume integral of the local condensation (or
deposition) as in the following equation:

zy (27w Fmax
C= f J f dp(c — e)rdrdbdz, (2)
zp VYO 0
while bulk evaporation (or sublimation) is
2z (27 (rmax
E= f f f (6 — Dp(c — e)rdrdbdz. (3)
zp VO 0

The value of 6 is 1 when ¢ — e is positive and 0 when
¢ — e is negative. The heights of the top and bottom
of the budget volume are z, and z,, respectively. The
radial distance from the storm center is r and the outer
boundary of a cylindrical budget volume is 7pmax, While
# is the heading of a given location relative to the storm
center (this will also be referred to as azimuth in the
rest of the paper). Since the system is assumed to be
in a steady state, the storage term in (1) is set to zero.
The volume integral of the horizontal divergence por-
tion of the second term on the rhs of (1) is the outward
(all terms except rainfall at the top of the budget volume
will be defined positive outward ) horizontal transport
of water by the resolvable wind:

Z; (27 (Tmax
Ty= f fo fo Vi [pVin(ge+ @)1 rdrdbdz, (4)
£

where ¢, is cloud mixing ratio, g, = ¢. + ¢,, and Vy
is the horizontal wind. When the divergence theorem
is applied, then

z; 2
Ty = rmaxf f P(Tmax, 0, Z)Vr(rmaxa 8, z)
Zp 0

(5)

When Ty is positive (negative), the bulk horizontal
transport is outward (inward), and V, is the radial wind
reckoned outward from the storm center. By the di-
vergence theorem, the volume integral of the vertical
component of the cloud water portion of the second
term on the rhs of (1) is equal to the outward advection
of cloud water through the bottom and top boundaries:

2, (27 Tmax ¢)
zc = o ¢ 0
T. L; fo J; az(pwq Yrdrd0dz

27 (rmax
= f f o(r, 8, zr)M(r, 0, z7)gdr, 6, zr )rdrdd
o Jo

>< [qc(rmax, 0, Z) + qp(rmaxs 0’ Z)]dOdZ'

27 (max
—f J(; p(r’ 0, ZB)W(r, 0, ZB)qC(ra B’ZB)rdrda
0

= dger + Tchs (6)

where w is the vertical component of the air motion
or vertical wind. The first and second terms on the rhs
of (6) are the transports of cloud through the top ( pos-
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itive indicates upward transport) and bottom (positive The vertical outward transports of precipitation are
indicates downward transport) boundaries, respec- determined by combining the precipitation portion of
tively. the second term with the fifth term on the rhs of (1).

They are integrated over the volume as follows:

2y 2w Imax a
B [ [ [ 2 o v
S T A A [o(w — V71)g,]rdrdédz
27 (rmax
=f0 fo o(r, 8, z)[w(r, 8, z)) — V(r, 8, 2)]1qp(r, 0, z,)rdrd6

27 (rmax
—J; fo p(r, 0, zp)[w(r, 8, zp) — Vr(r, 0, z5)1q,(r, 6, 2,)rdrd0 = — Ry + Rp, (7)

_where R, is the mass of precipitation exiting the budget volume through the top and bottom boundaries, Ry
is the mass of precipitation falling into the top of the budget volume per unit time, and Rp is the rain falling
out the bottom (if the bottom is near the surface Ry is approximately the area-integrated rainfall rate). Here
Rs and Ry are both positive for rain moving downward, and therefore a positive Ry indicates precipitation
moving into the volume.

The third term of (1) is the horizontal diffusion. Integrated over volume it becomes

2z (27 (Tmax
Dy = —-f f f oKuV - V(g + gp)rdrdbdz
zp VO 0

1l

z, 27
__KHrmaxf f p(rmax: 0, Z)':—r[QC(rmax; 0, Z)+Qp(rmaXa 0, Z)]dedz (8)
zp VO

Here Dy is positive when the net diffusion is outward from the volume. The bulk diffusion through the vertical
boundaries D, is the integral of the fourth term of (1). Integrated over the volume, it becomes

—fz'fzrfrm—a— K9 N 1\rdrdéa
W Jo Jo 6z p 25, dc T 4p z

2w "max a
‘P(Zt)Kzf f ~—[qc(r, 0, z) + q(r, 6, z,))rdrdb
o Jo 9z

1l

D,

27 Tmax a '
+ P(Zb)Kzf f Py [ac.(r, 0, zp) + gp(r, 0, z)1rdrd6 = Dr + Dpg, (9)
0 0

where Dy (positive upward) is diffusion out the top
and Dj (positive downward) is diffusion out the bot- Or about 10% of the mean rainfall rate. Therefore,
tom. In this study, Ky and K, are assumed to be in- meaningful results can still be achieved with the neglect
dependent of height. Once all terms of (1) have been  of storage.

integrated, the steady-state bulk water budget may be

expressed as
C+Rr=E+Ty+ Tur+ Tos ‘&

+ Rg+ Dy + Dr+ Dg, (10) D

where C and Ry are the sources of condensed water |
and ice, while all other terms are sinks. These processes E \:Lc
are displayed graphically in Fig. 1. 11
The absence of a storage term from (10) does not R

imply a constant suspended water content, but rather
that the storage term cannot be estimated from data
spanning a period of 2 to 4 h. Averaged over the whole
eyewall, the maximum rate of change of suﬁpendcd
liquid Watel.- and lce m‘lght be ~0.1gkg l h. , and if FiG. 1. Schematic of hurricane bulk water budget. The budget
the change is negative it would represent a rainfall rate volume is a cylinder. One sector is cut away to show the regions in
(neglecting the effects of advection) of ~1 mm h™',  which the various processes occur. Terms are defined in section 2.

z C EYE

C+R=E+T+T +T +R+D+D+D+S8
T H zcT zcR B H B T
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The neglect of storage, though significant, does not
render the budget study meaningless. Our analysis rep-
resents a marked improvement over the past, especially
in the spatial resolution and coverage provided by
Doppler winds and radar reflectivity. With the appli-
cation of retrieval analysis to these data, less interpo-
lation or extrapolation of water content from flight-
level observations is required.

Because of boundary problems and uncertainties in
the Doppler winds in the lowest 0.5 km, the water
budget was computed for a volume that starts at 0.5
km (z,) and extends up to 12.0 km (z,). The volume
of integration extends from the storm center (r = 0)
10 7 = Fmax = 37.5 km.

3. Storm description

Hurricane Norbert formed in the eastern Pacific
Ocean on 16 September 1984. It made landfall on 26
September along the northern Baja Peninsula. Research
missions were flown, which began on 22, 23, and 24
September. The data used in this paper, as in Parts |
and II, were obtained in the middle of the last flight,
over the period 0018-0215 UTC 25 September 1984.
At this time, the storm was filling at the rate of ~1
hPa h™!'. Immediately after this period, the storm filled
at a rate of nearly 2 hPa h™'. The wind maximum at
the 3-km flight level decreased in 4.5 h by 6 ms™!.

A more detailed description of the storm is given in °

Part 1.

The synoptic development of Hurricane Norbert is
described by Gunther and Cross (1985). They mention
that after 23 September 1984 Hurricane Norbert was
under the influence of an upper-level trough, which
steered the storm northeastward. The associated ver-
tical wind shear evidently was weakening the storm by
the time of our observations, since the storm was still
over water with temperatures ~27°C. This shear is
discussed in detail in Part 1.

4. Data

The inputs to the retrieval methods are airborne
Doppler wind data, radar-reflectivity data, and in situ
flight-level data. Doppler winds and reflectivity data
were described in Part I, so they are only briefly re-
viewed here.

The Doppler radar was located on the aircraft that
flew at an altitude of ~3 km. The Doppler radar scan-
ning axis was along the aircraft fuselage, and radial
precipitation velocities were obtained in a scan per-
pendicular to this axis. Data for the two horizontal
wind components were obtained by flying in two
roughly perpendicular directions. Vertical wind was
obtained by integrating horizontal divergence and then
used iteratively to correct the horizontal winds (since
most of the Doppler radials are not purely horizontal),
as described in Jorgensen et al. (1983). The specific
flight plan for Norbert was described in Part I.
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The final wind field was filtered to alleviate noise in
the thermodynamic and microphysical retrievals. A
Gaussian filter was applied to radial and tangential ve-
locities. The e-folding distance for the filter was 1 km
in the radial direction and 10 km in the tangential di-
rection. Filtering the Cartesian wind components with
a Cartesian weighting function would have distorted
the swirling wind field.

Horizontal divergence was integrated upward from
the surface. Vertical wind was set to zero at the surface
and at 12.5 km. The divergence was adjusted to obtain
zero vertical motion at 12.5 km, and the horizontal
winds were modified to account for the change in di-
vergence. Thus, the adjusted wind field still satisfied
mass continuity. Since the winds from 0 to 1 km were
the most affected by sea surface contamination, half
of the total divergence correction was applied to the
layer from 0 to 2 km in height. The remainder was
applied from 2 to 12.5 km. An irrotational wind field
with a vector mean of zero, but which had a divergence
field equal to the necessary divergence correction field,
was added to the originally analyzed horizontal wind
field.

Before the divergence adjustment was made, the in-
tegrated divergence of the analyzed wind field produced
a mean vertical wind of —0.25 m s™! at 12.5 km. The
mean error in the vertical wind in the budget volume
was therefore probably ~0.25 m s™!. Since the max-
imum mean upward vertical wind was ~0.2 ms™',
such a vertical wind error could produce a factor of 2
error in the condensation produced by the axisym-
metric part of the wind field. Systematic errors asso-
ciated with aircraft navigation and attitude, and sea
surface contamination are probably responsible for this
mean error. The ramifications will be discussed briefly
in section 6h.

Radar reflectivity data obtained from the same ver-
tically scanning radar as the Doppler data were dam-
aged, so data obtained with a non-Doppler radar aboard
the aircraft flying at ~6 km were used to map the
three-dimensional reflectivity structure. These data
were filtered in the same manner as the tangential and
radial Doppler winds.

The thermodynamic retrieval described in section 5
derives the deviation of temperature and pressure from
an unknown constant temperature at a constant height.
The thermodynamic equation is used to determine the
vertical variation of the horizontally averaged potential
temperature and pressure. Aircraft in situ data were
used to anchor the pressure and temperature retrieval.
The mean difference of the in situ data from the re-
trieved temperature and pressure along the flight track
was added to the retrievals. This procedure led to the
best match of the in situ and retrieved data. Three-
dimensional distributions of temperature and pressure
obtained by retrieval were used in this study only to
determine the value of saturation humidity.
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5. Retrieval methods

To evaluate the terms on the rhs of (1), and hence
(10), we need p, Vu, W, 4, 4,, and V. Terms ¢ and
e are calculated as residuals of terms on the rhs of (1).
A base-state density is assumed and used throughout
the domain, and V and w are determined as described
in Part I and section 4. The fallspeed V'ris parameter-
ized as a function of g,. The remaining variables (g,
and g, ) are determined by two different retrieval meth-
ods, which will be described in detail in the following.

The first method, developed by the authors, uses the

Doppler winds and radar-reflectivity data as the pri--

mary sources of information. Precipitation content, M,
and precipitation flux divergence (sedimentation) are
computed from radar reflectivity. The rate of precipi-
tation production is determined from the steady-state
continuity equation of precipitation. Inverse micro-
physical modeling is employed to obtain cloud content
(M,) from M and the precipitation production rate.

The second method (Hauser et al. 1988; hereafter
referred to as HRA) uses the Doppler wind field and
microphysical modeling. Reflectivity is used only to
establish boundary values of precipitation content. The
distributions of temperature ( 7') and pressure (p) are
dynamically retrieved (Roux 1988) from the momen-
tum and thermodynamic equations with the Doppler
winds as input. Saturation specific humidity (g;) is de-
termined from 7 and p. The three-dimensional con-
tinuity equations for g, and total water (gr = ¢, + ¢,
+ g., where g, is water vapor mixing ratio) are solved
simultaneously using the technique of Hauser and
Amayenc (1986, hereafter HA) and HRA. The value
of g, is determined as a residual from gr, gp, and g;.
Parameterized microphysical equations are required
to determine the sources and sinks in the continuity
equations. One of the sinks, precipitation sedimenta-
tion, is determined from the derived g, and a g,-V7
relationship. The method of HRA is applied here for
the first time in three dimensions.

In method 1 observed reflectivity is used to deter-
mine precipitation content. It is assumed that, below
the 0°C level, all precipitation is rain and all cloud is
water. Above the —20°C level, all precipitation and
cloud are assumed to be ice. The fraction of precipi-
tation that is assumed to be ice varies linearly from 0
at the 0°C level to 1 at the —20°C level. Requirements
to compute frozen and liquid precipitation at the same
grid point by method 2 were too great, so the precip-
itation was either all ice (temperatures < 0°C) or all
water (temperatures = 0°C).

Method 1 requires much less computation. The
budget is determined more directly from the data. The
value of specific humidity is not required, and hence
it need not be modeled. The value of g, is determined
directly from the reflectivity data, and only some in-
verse microphysical modeling is required to obtain g..
Large errors in precipitation amount may arise, how-
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ever, from the attenuation of the X-band radar signal
by intervening precipitation. Errors are especially high
in the melting band, where the relative quantities of
ice and water are unknown, and where fallspeeds of
particles change rapidly with height.

Method 2 requires much more computation. The
budget is determined less directly from the data and
more from microphysical modeling. Dynamic retrieval
of temperature and pressure is required to obtain sat-
uration vapor content. The nature of the solution
method requires that vapor diffusion be included, al-
though it can only be modeled crudely. The value of
g, is determined from microphysical modeling, and g,
is a residual. Errors across the melting band, however,
are smaller, since reflectivity is not a major input and
continuity of precipitation is required by the method.
Continuity of total water content is directly specified
by one of the two continuity equations, and this con-
straint is a point in favor of method 2.

One of the improvements of the Norbert dataset over
those of earlier budget studies is that it is three dimen-
sional. The water budget is thus determined without
assuming axisymmetry. To estimate the improvement
in water budget computation attained with the three-
dimensional data, the method 2 three-dimensional
budget is compared with a water budget computed by
applying method 2 to the axisymmetric wind field,
computed as described in section Sc.

a. Method 1

The first method is similar to that of Churchill and
Houze (1984). Precipitation content and fallspeed are
expressed as functions of reflectivity. The rate of pre-
cipitation production is determined from the radar
reflectivity and Doppler wind. The cloud content
necessary to produce the estimated production is
determined by inverting the microphysical parameter-
izations for autoconversion and collection, which ap-
pear in the continuity equations for precipitation and
cloud water [see Kessler (1969) for the definition and
physical interpretation of these terms]. Once the cloud
content is determined everywhere from the inverted
equations, then the total hydrometeor content is known
everywhere. The rates of condensation, deposition,
evaporation or sublimation, and the outward transport
of condensate may then be determined everywhere’
from the wind field, precipitation fallspeed, precipita-
tion content, and cloud content.

Precipitation content is determined from a reflectiv-
ity composite through the use of reflectivity mass re-
lationships of the form

Z=aM?, (11)
where Z is the radar reflectivity expressed in units of
107'® m3 (traditionally mm® m™3), a and b are em-
pirical constants, and M is the precipitation content in
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grams per cubic meter. In this study, a = 14 630 and
b = 1.4482 in the rain. These values were determined
in the study of Jorgensen and Willis (1982) but not
published (P. Willis, personal communication). The
values used in the case of ice are a = 670 and b = 1.79
(Black 1990). These relationships were derived from
observations obtained within hurricanes. The rainfall
rate in hurricanes is given by Jorgensen and Willis
(1982):

Z= 300R'%, (12)

where R is rainfall in millimeters per hour (or
kg h™!' m™?). Once R and M are determined, then the
mass-weighted terminal fallspeed of rain, V7 (inm s™!),
is computed from

_ (;00/»0)0'4

(3.6M) °

where pg is the air density at the surface, and the nu-
merator on the rhs of (13) is a correction for air density
(Foote and du Toit 1969). Equation (13) is based on
the continuity of precipitation if R and M are known
and the mean w in deriving ( 12) is assumed to be zero.
The fallspeed of Atlas et al. (1973) was used for ice
precipitation.

Precipitation production P is determined from MM,
the Doppler winds, and from Vrthrough the following
relation:

Vr (13)

P=V-VM—£(VTM). (14)
0z
This relation follows from the steady-state continuity
equation for M. The first term on the rhs of (14) is
the three-dimensional advective flux divergence of
precipitation, and the second is the flux divergence ow-
ing to the terminal fallspeed relative to the air motion.
From such a steady-state assumption significant error
can be expected, at least locally; however, we are not
able to evaluate local time derivatives using this dataset.
To compute the distribution of precipitation parti-
cles, they are assumed to follow an exponential for-
mulation similar to that of Marshall and Palmer
(1948):

N(D) = Nye P, (15)

where D is particle diameter, N is the number concen-
tration for a given size interval, N, is the zero intercept,
and A indicates the exponential decrease with increasing
diameter of the number concentration. The resulting
precipitation content is
T o0
M= —f pwD*Noe *PdD, (16)
6 Jo
where p,, is the density of the precipitation; N, is set
to Nyg in rain and Ny in ice precipitation. These values

are presented in Table 1. Equation (16) is solved for
the value of A. The y-intercept values for the rain (Nyg)
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and ice precipitation (Nyg) size distributions were set
as indicated in Table 1 (the same values used for
method 1). The density of all ice particles in the size
distribution was set to 0.1 g m™3,

The value of Ny is much higher than that of Gunn
and Marshall (1958), or the value used by Rutledge
and Hobbs (1983) or HRA, but it is the value suggested
by the ice size distributions determined for summer
MONEX precipitation by Gamache (1990). They are
also suggested by the results of Part Il and Black (1990).
Concentrations of ~100 L™', and 2-3 g kg™' were
found in Hurricane Norbert.

When P < 0, cloud content (the amount of con-
densed water that is not in the form of precipitation
in units of mass per unit volume) is assumed to be
zero, and P is the evaporation or sublimation rate.
When P > 0, precipitation production is given by

P=oa(M,— My)+ MCJ; %Noe_*DECDzVTdD,
(17)

where M., is cloud content, M, is the autoconversion
threshold, and E_is the collection efficiency. The terms
on the rhs of (17) are Kessler’s ( 1969) autoconversion
and collection. If M. < Mg, the first term is set to zero
(in the developed hurricane the overall importance of
autoconversion is small, but it is included here for
completeness). The method 1 retrieval is completed
by solving (17) for M,. Once the cloud content M,
precipitation content M, the rainfall R, and the wind
V are determined, the bulk water budget is computed
from the integration of (1).

In this study, E, is set to 1 for rain. The value of E,
for ice particles is assumed to vary exponentially with
temperature from 1 at 7 = 0°C to 0.1 at 7 = —20°C
(Hobbs 1974). The value of 0.1 is the same as that
used by Churchill and Houze (1984). At temperatures
< —20°C, E. is assumed to remain at 0.1 for frozen
precipitation. Autoconversion of cloud to precipitation
was set to 0.001 s™! and 0.0001 s™! for water and ice,
respectively, while the autoconversion thresholds for
water and ice are both set to 0.0005 kg kg~'.

TaBLE 1. List of values for important parameters used in the
computation of the water budget. Refer to section 2 for further
explanation.

Symbol Parameter Value
Ky Horizontal diffusion 15000 m?s™!
K, Vertical diffusion 1500 m? s™!
a Water autoconversion 0.001 s™!

Ice autoconversion 0.0001 s
My Water autoconversion threshold 0.0005 kg kg™!
My Ice autoconversion threshold 0.0005 kg kg™
NoR Water precipitation size 4.0 X 10° m™
distribution y intercept

NoG Ice precipitation size distribution 50X 10" m™

y intercept
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b. Method 2

The methodology used to solve the water continuity
equation by method 2 has been developed extensively
by HA, HRA, Roux et al. (1984), and Roux (1985,
1988). Only the basic ideas and details that are different
from the original version are given here.

The acceleration of the wind in a steady-state storm
in a moving coordinate system is

A=V,-VV,, (18)

where A is the three-dimensional acceleration and V,
is the three-dimensional storm-relative wind deter-
mined from the Doppler analyses. These accelerations
are used in the thermodynamic retrieval of Roux
(1988), which yields the distributions of three-dimen-
sional temperature and pressure perturbation required
by the anelastic momentum equation to account for
the observed accelerations. The T and p perturbations
are measured relative to an assumed sounding, plus a
constant. The constant is determined by comparing
the sum of the perturbation distribution and the as-
sumed mean vertical sounding with the available in
situ data. In this study, we use the retrieved 7 and p
only to determine the saturation mixing ratio (g).
Given ¢, microphysical modeling yields g, and g,
where the air is saturated or g, and g, where the air is
unsaturated.

The microphysical retrieval used is that of HRA.
The continuity equations for total water (the sum of
vapor, precipitation, and cloud) and precipitation are
solved simultaneously. The steady-state equations in
three dimensions are

sk

10 d
—KuVigr — = — | (oK) 2L + V-V gr
p 0z o0z

10
=———(pV
paz(p Tdp) (19)
and

9,

— Ky V3
HVEH 9z

[(pKz) ]+V-qu

_19
p 0z
=19 v+ P, (20)

pazp qu s

where gr is the total water (solid, liquid, and vapor)
mixing ratio. The perturbation total water mixing ratio,
g%, is given by

(21)

where g is the level mean saturation specific humidity.
The perturbation value of g7 is used for vertical dif-
fusion, since a value as high as 1500 m?s~! for K,
would cause the vertical diffusion to dominate artifi-
cially over advection, but the large value is required to

q?'=QS+qc+qp_qsOs

maintain a computationally stable and tractable so-.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 50, No. 19

lution to (19) and (20) (further discussion below).
The total water content g7 is then

qr=qs+ qf + q,, (22)

where g¥ is the saturation deficit (g*¥ < 0) or cloud
mixing ratio g, (¢¥ = 0). The liquid and ice mixing
ratio g,, are equal, therefore, to g, if g¥ < 0 and to
g¥ + q,if g¥ > 0. In this study (19) and (20) are solved
simultaneously by successive relaxation.

Precipitation production is determined by the mi-
crophysical parameterization of Lin et al. (1983), with
the Rutledge and Hobbs (1983) modification of the
rainfall evaporation parameterization. Only a subset
of the microphysical processes of Lin et al. are consid-
ered here since it is assumed that only one kind of
precipitation (rain or ice) can exist at a given location,
either rain (7 = 0°C) or precipitation ice (T < 0°C).
To keep the problem and its solution manageable, it
1s further assumed that only one particle type can exist
anywhere within the subfreezing volume.

The higher values of Nyg will lower the computed
reflectivities associated with a given content of precip-
itation compared to those obtained using the Ny of
HRA. When Ny is smaller, the same mass of precip-
itation must be distributed in larger particles. It is quite
possible that the lower value for Ny used by HRA
explains the high reflectivities observed when their ice
collection efficiencies were set to values > 0.03. The
higher value of Ny used here would allow them to
raise their collection efficiency. More cloud could then
be converted to ice precipitation, thus lowering cloud
ice contents and thereby reducing the very high 3-4
g kg ™! of cloud ice seen in their retrievals. The collec-
tion efficiencies of cloud by raindrops and precipitation
ice were set as in method 1.

The type of precipitation ice particle chosen for
method 2 was an aggregate of unrimed side planes,
assemblages of plates, bullets, and columns, as in Lo-
catelli and Hobbs (1974 ). The fallspeeds of individual
particles were those of Locatelli and Hobbs (1974).
This particle type was chosen because the lower fall-
speeds allowed more precipitation to be carried from
the updrafts on the left side of the storm to the right
side of the storm before falling through the melting
band, in better agreement with radar observations.
Precipitation was nearly absent on the right side of the
storm when graupel was assumed.

The numerical method used to solve (19) and (20)
is a centered-difference scheme. Successive relaxation
is used, and a diffusion term is therefore required to
solve the problem (the diffusion term includes the cen-
ter value in the discrete computation, which is required
for numerical stability). The vertical diffusion constant
K was set to 1500 m?s™!, the value employed by
HRA, while the horizontal diffusion constant K was
setto 15 000 m? s~ a value ten times larger than theirs.
These values were chosen to be as small as possible,
while still allowing a solution of the three-dimensional
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problem with a manageable number of grid points (ev-
ery 1.5 km horizontally and 0.5 km vertically), in a
practical amount of time. An isotropic diffusion, which
would have made the problem tractable, had too large
a vertical diffusion. With the mixing coefficients em-
ployed in this study, vertical diffusion did not dominate
over vertical advection, but vertical vapor diffusion be-
low the dry downdrafts was an important term in the
lower troposphere.

Boundary conditions are required to solve (19)-
(22). The total water content g was set equal to the
sum of g, (determine from observed radar reflectivity )
and ¢, [ from temperatures and pressures retrieved by
the Roux (1988) method] at the top boundary (z
= 12.5 km, above the upper boundary of the water
budget volume). At the bottom (z = 0 km), gr was
set equal to the sum of the retrieved g; and g, (g. = 0).
The vertical derivatives of g. and g, were set to zero at
the bottom boundary. Wherever there was inflow across
the horizontal boundary, the value of g; was also set
equal to the value of (g, + g,). The value of g, was
retrieved from radar reflectivity observed at the
boundary. Wherever there was outflow, the normal de-
rivative of gr was set equal to zero. When the zero
normal derivative condition was set everywhere on the
lateral boundaries, convergence to a solution was much
slower, and the result was much more unsaturated than
indicated by in situ observations. The values of satu-
ration specific humidity were determined from Doppler
thermodynamic retrievals of temperature and pressure.
Although the bottom and top boundaries of the re-
trieval were 0.0 and 12.5 km, respectively, the budget
was computed from 0.5 to 12.0 km.

Vertical wind at 3.0 km
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c. Axisymmetric budget

To evaluate the importance of asymmetries in the
wind, thermodynamic, and microphysical fields, an
axisymmetric budget was determined. For this purpose,
the wind field used in methods 1 and 2 was degraded
to an axisymmetric field. The mean of all the winds at
a given height and a given radius from storm center
was determined. These values were then interpolated
to a Cartesian grid of the same size as used for methods
1 and 2. The vertical wind was computed. The tem-
perature and pressure were then retrieved for this axi-
symmetric wind field. The method 2 retrieval was ap-
plied to the axisymmetric wind and thermodynamic
analyses, using the same boundary conditions as in the
method discussed in section 5b and the parameters as
listed in Table 1.

6. Results
a. Definitions

The term ““front™ refers to the half-plane on the side
toward which the storm is moving and which is
bounded by the line that passes through the storm cen-
ter and is perpendicular to the tangent of the storm
track at the location of the storm center. The term
“rear” refers to the other half-plane. For an observer
facing frontward, ““left” refers to anywhere to the left
of the tangent line, and “right” to anywhere to the
right of the tangent line. During the composite period
Hurricane Norbert was moving toward a heading of
327° at a speed of 6 m s™!. Consequently, front, rear,
right, and left refers to points that have a bearing from

y distance from storm center C(km)

-38 -20 -10 ] 10 20
x distance from storm center (km)

7 s [

FIG. 2. Vertical wind in meters per second at (a) 3 km and (b) 6 km. Storm center is at the center of the analysis.
The y axis represents a heading of 327°, the direction toward which the storm was moving. Quadrants are indicated
as right front (RF), right rear (RR), left rear (LR), and left front (LF). The letters “U” and “D” indicate regions of

updraft and downdraft.
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FI1G. 3. Radial wind in meters per second at constant radii from
storm center of (a) 25 and (b) 37.5 km. Positive values indicate
outflow. The letters “I” and “O” represent inflow and outflow.

the storm center of 237° clockwise to 57°, 57° clock-
wise to 237°, 327° clockwise to 147°, and 147° clock-
wise to 327°, respectively. The left front (LF), right
front (RF), left rear (LR ), and right rear (RR) quad-
rants refer to the intersections of the front, rear, right,
and left halves of the storm.

b. Precipitation and radar reflectivity

Figures 2a,b show that upward vertical wind was
more widespread on the left side of the storm, while
downward vertical wind was most prevalent on the
rear side. Directly to the front of the storm, the vertical
wind was generally upward, while directly to the rear
it was generally downward. One would expect, there-
fore, that condensation predominated on the left side
of the storm, with maximum precipitation just down-
wind, while evaporation predominated on the rear side.

The azimuthally averaged radial wind in Hurricane
Norbert was observed to be very weak (<2 ms™!) at
all levels. Figures 3a,b show the azimuth—height (con-
stant radius) distribution of radial wind at radii of 25
(near the radius of maximum wind) and 37.5 km (the
outer radius of the water budget volume), respectively.
Although there were small areas of outflow and inflow
below 3 km of =10 m s™', outflow or inflow at most
azimuths and heights was <4 m s~'. The radial winds
are consistent with a front-to-rear flow of ~10 m s™'
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FiG. 4. Horizontal cross sections of the three-dimensional com-
posite of radar reflectivity. Units are dBZ. Cross sections are at (a)
0.5 km, (b) 3 km, and (c) 6 km. Plot orientation same as in Fig. 2.






