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ABSTRACT

An empirical study based on three years (1981-83) of monthly mean data revealed that colocated anomalies
Py
in precipitation (PP) and le\mml motion at 500 mb (&) are moderately well correfated over the United States,

especialfy in winter. The PP data are spatial averages in 344 Climate Divisions while the & are derived from
initialized fields of the ECMWF and NMC NWP models. To a first-order approximation the deficit of rain
associated with anomalous downward motion is just as large as the surplus of tain associated with anomalous
upward motion, Therefore, it should be possible to generate some of the latent heat of condensation in a linear

model for the time mean atmosphere by expressing f’?linearly in @. Monthly mean & of the ECMWF and
NMC are highly correlated with each other and refate about equally well to rainfall over the United States. The

P
.empirical constant a in the relation PP = a& turns out to be about ~0.6 mm day™'/(10~2 N m™2 s~"), which is

on the same order of magnitude as the theoretical amount of precipitation produced by adiabatic ascent of
magnitude 10°2 N m™2 5™}, Attempts to empirically extract the role of atmospheric moisture in the relation

Py
between PP and & were made by comparing summer to winter, higher latitudes to lower latitudes and the
United States to India but the results are at best modest.
Implementation of parameterized latent heat sources and sinks in a linear steady state anomaly model for
the time mean atmosphere is equivalent to reducing its static stability by a sizable amount. This leads to
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increased response 10 a prescribed forcing,

1. Introduction

In the last ten years many studies were published in
which the atmospheric response to prescribed heat
forcing was studied in the framework of linear steady
state models (Opsteegh and Van den Dool, 1980, for
just one example). In the real world the heating is not
constant, of course, but interacts with and is determined
by the flow itself. Therefore, it would be interesting to
see whether the heating can be expressed (at least par-
tially) in terms of model variables. One such attempt
was made by Webster (1981) who assumed that in areas
of upward motion latent heat of condensation is re-
leased. This procedure is based on the way we think
the instantaneous atmosphere works, namely, precip-
itation is associated with rising motion. However, this
creates a non-linearity because downward motion can
not be associated with negative precipitation. Non-lin-
earity cannot be handled in a linear model and Webster
had to resort to an iterative technique to find steady
state solutions. But there is another possibility. One
can assume that anomalously upward (downward) time
mean motion is associated with more (less) precipita-
tion than normal. The aim of the present paper is to
check whether the latter assumption has any validity.
This is done by performing an empirical study with
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monthly mean precipitation and vertical velocity data
over the United States for the years 1981-1983. As we
shall see, the outcome of the empirical study implies
that some fraction of the release of latent heat can lin-
early be expressed in model variables. More specifically

-this means that, indeed, an anomalously positive (neg-

ative) latent heat source can be associated with anom-
alously upward (downward) motion.

Comparing precipitation and vertical motion at any
time and space scale is interesting for its own sake as
it is 2 mutual consistency check on the reliability of
two poorly known quantities. The underlying assump-
tion of course is that vertical motion and precipitation
should somehow be correlated to each other and if they
are not in a given study, we tend to conclude that
something is wrong with the estimates/measurements
of one or both. There are numerous classical studies
dealing with the empirical relationship between cal-
culated vertical motion and weather (Miller and Pan-
ofsky, 1958; Curtis and Panofsky, 1958; Hansen and
Thompson, 1965; to mention only a few), Most of these
studies were concerned with synoptic scale events in
the midlatitudes. A moderate agreement between syn-
optic scale calculated vertical motion and station pre-
cipitation was indeed found. Bannon (1948) followed
the opposite approach; he estimated vertical motion
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from observed rainfall rates and concluded that in the
midlatitudes the upward motion could be as strong as
0.1 to 0.2 m s~'. After the introduction of the satellite
the expected relationship between clouds (as observed
from satellite) and vertical motion (as calculated) was
confirmed for synoptic scale motion both in tropical
(Saha et al., 1969) and midlatitude areas (Shenk, 1963;
Hansen and Thompson, 1965). But again the corre-
lation was at best fair. Major improvements can be
expected soon, now that liquid water in clouds and
rain over the ocean are being derived from satellite
measurements (Prabhakara et al., 1985), and our
knowledge of the divergent wind improves steadily.

The empirical relation between time mean upper air
flow and precipitation has also been a popular topic,
especially among researchers interested in 5, 30 or 90
day time-mean forecasts (Stidd, 1954; Klein, 1963;
Weare and Hoeschele, 1983; Cayan and Roads, 1984;
Englehart and Douglas, 1985; Harnack and Lanzante,
1985). This interest exists primarily because forecasts
of rainfall are traditionally arrived at in a two-step-
process. First the time mean circulation aloft is forecast
and then the simultaneous time mean precipitation is
inferred from the circulation. It suffices here to say that
10%~-60% of the variance of precipitation was reported
to be explained from simultaneous time mean height
(wind or vorticity) fields.

The vertical motion used here is taken from (twice)
daily post-initialized initial states of operational nu-
merical weather prediction models. Since the intro-
duction of nonlinear normal mode initialization (in
the late 1970s/early 1980s) one may perhaps trust the
vertical motion present in the initial state. Lau (1979)
used 6 hour forecasts of w as proxies for observations,
but 6 hours may not be enough to achieve such a mass/
windfall balance. We used data only from 1981 onward.
Of course the adiabatic nonlinear normal mode ini-
tialization may reduce some of the physically relevant

vertical motion (Rosen and Salstein, 1985), especially -

in low latitudes in areas of large diabatic heating. This
problem could be of some importance over the United
States as well, especially since we are interested in
the relationship between vertical motion and latent
heating,.

We will compare precipitation over the United States
with vertical motion obtained from both the European
Centre for Medium Range Weather Forecasts (EC) in
Reading, England and from the National Meteorolog-
ical Center (NM), Washington, DC. In September 1982
EC introduced diabatic heating in the initialization
process and it will be interesting to see whether that
had any impact on the relationship between vertical
motion and precipitation.

The data, analysis and a discussion concerning cli-
matology will be presented in section 2. Results of the
empirical study pertaining to anomalies are given in
section 3. In section 4 we compare the empirical find-
ings with theory regarding adiabatic ascent in the at-
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mosphere. This includes a number of calculations in
which the explicit role of moisture in the atmosphere
is empirically considered. In section 5 we discuss how
the latent heat source can be expressed in terms of
vertical motion in a multilayer linear steady state
model. A comparison of NM and EC vertical motion
is presented in section 6. Finally, the conclusions and
discussion can be found in section 7.

2. Data, analysis and climatologies

All data used in this study are monthly means over
the period from January 1981 through December 1983
for an area equal to or slightly larger than the 48 con-
tiguous United States. We use three datasets

(i) Spatially averaged precipitation (PP) for 344 Cli-
mate Divisions (CD) obtained from the Climate Anal-
ysis Center in Washington, DC. Within each CD there
are many individual raingauges and the purpose of av-
eraging is to reduce the noise inherent in all rainfall
data. Some states have many divisions, others only a
few. A map of the CDs can be found in Janowiak et
al. (1986). In general, CDs tend to get larger towards
the west. ‘

(ii) Vertical motion (w) and mixing ratio (g) at 850
and 500 mb, derived from daily (EC, 12Z, UTC time
in two-digit hours) and twice daily (NM, 0 and 12Z)
operational analyses (post initialized) on a 5° X 5°
(EC) and 2.5° X 2.5° (NM) grid respectively. The w is
derived from horizontal motion analyses via mass
continuity. The analysis and initialization scheme for
both the NM and EC model are described in Hollings-
worth et al. (1985). We will consider the initial states
as observations even though the data are initialized.
Model forecasts of w are not considered here.

(iii) Rainfall in 29 Climate Divisions in India over
the years 1981-83. A map of the CDs and relevant
references can be found in Mooley et al. (1986).

Since w and PP are not colocated we have to inter-
polate. The choice is either to interpolate the large-
scale w to the 344 centers of the CDs, or to interpolate
the irregularly spaced small-scale PP data to a grid.
The former is more easily done. Hence, we have 344
pairs of PP and w data points in each month.

There is probably an incompatibility in spatial scales
present in the PP, w datasets. The w fields contain
mostly large scales (about 500 km and up). Therefore,
all variance in PP contained in smaller spatial scales
will reduce the correlation between PP and w. This is
not a major problem in the present context as we are

s
trying to relate, via linear regression (PP = a®), anom-
alies in PP and w. Smoothing of PP by, for example,
combining CDs increases the correlation but does
not change a. Since, moreover, smoothing of PP
data is not a trivial matter, we accepted the PP data
as they are. :
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Even though the w field is large scale, the smallest
scales contained in the w field may be noise. Applying
a two-dimensional 1-2-1 filter three times on the grid-
ded w data before interpolation did indeed improve
the correlation between PP and w from —0.35 to —0.45
(vearly mean) the following results are based on
smoothed w fields.

In a given year j and month m we can express the
similarity of anomalies in the fields of vertical motion

(&(m, j)) and precipitation (PP(m, J)) by employing a
pattern correlation coefficient

PC(m, j)

344

344 2 w(ms.ls C)PP(m,_], C) [O)(m,j, C)][PP(m,], C)]
c=1
3.7, 7)sdeelm, ) M
where c¢ is an index for the climate divisions, brackets
represent a continental wide average, the caret repre-
sents the departure from a local, 3-year mean for month
m, and the standard deviation (sd) in the denominator
of (1) is given by
344

2 (@(m, j,¢)— [&(m, ], )]’}

sd,(m,j) = {—s (2

344

and similarly for sdpp. In (1) ail CDs are given equal
weight, even though we realize that their sizes are dif-
ferent, When all terms in (1) are summed through over
the three years a simpler pattern correlation emerges:

344 3
Z 2 w(myj, C)PP(ms]’ C)

c=1j=1
344 3
{2 X d(m,j,c)f Z 2 (PPB(m,j, Ay}

c=1j=1 c=1j=1

PC*(m) = 3

which is only a function of the month m. In (3) all
continental averages have vanished. Hereafter we will
mostly use (3).

By summing over fewer than all 344 stations (3) may
be used to study geographical variations. However, with
only three years of data it is useless to present too much
detail. So we will restrict ourselves to dividing the
United States into four quadrants separated by the
40°N latitude circle and 95°W parallel.

Most of the discussion will be concerned with pattern
correlations between precipitation and vertical motion
at 500 mb. This level was found to give the best cor-
relation although the difference with vertical motion
at other tropospheric levels is negligible. At a prelim-
_ inary stage of this study (only 22 months of data) we
evaluated (1) with & at 500 mb replaced by 1) monthly
mean height, 2) wind and vorticity fields at various
levels, 3) variance (within the month) of vertical ve-
locity and height fields at various levels, 4) monthly
mean albedo and outgoing longwave radiation. Since
the results of all these attempts were far inferior to
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using vertical motion we will not discuss them here.
The only variant to be discussed in this paper is to
involve the mixing ratio ¢. This is not don¢ because
we found improvement in the statistics but because it
seems fundamentally correct to involve moisture
availability in an expression for rainfall.

Before presenting the results concerning anomalies
(in section 3) it is useful to display a few of the input
data and climatologies (=3 year means) used in this
study. Figure 1 shows (from top to bottom) the distri-
bution of precipitation and vertical motion (EC middle,
NM lower panel) over the United States in February
1982. In order to emphasize the large scale aspects we
analyzed only the 50 mm per month line in Fig. 1a.
The heavier (H, >50 mm) precipitation fell over the
Southeastern and Northwestern United States while
lighter (M, <50 mm) amounts fell over much of the
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FIG. 1. A sample of the data used in this study. In the top panel
(a) the precipitation collected in gauges over the United States during
February 1982, averaged over Climate Divisions and analyzed for
large-scale features only. In the lower two panels, the monthly mean
vertical motion at 500 mb during February 1982 as derived from the
initial state of the NWP models at ECMWF (b) and NMC (c). The
units are mm month ™' and 10 N m™2 57!, respectively. The letters
H and M stand for heavy and moderate precipitation, D and R for
descending and rising motion, respectively.
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interior. Within these large areas denoted by either M
or H there is tremendous detail which has a lowering
effect on the correlations to be discussed. There is a
good deal of similarity between the PP pattern in Fig.
la and the two w-patterns in Figs. 1b and lc, in the
sense that most of the heavy precipitation fell in areas
of rising motion (R), and the areas of moderate pre-
cipitation coincide with mostly descending motion (D).
February 1982 serves as a typical example; it is not an
exceptionally good case. After taking out the 3 year
mean (for February) the PC between anomalies in PP
and wgc (wnm) is —0.27 (—0.37), while the PC between
@pc and @y amounts to 0.66. It is encouraging that
the two estimates of vertical motion used here are rea-
sonably similar.

Figure 2 shows the climatology (198 1-83) of seasonal
mean vertical motion at 500 mb (based on EC data)
over the United States. Each map is an average over 9
months and the seasons are defined as DJF, MAM,
JJA and SON. The four maps have much in common
and show (i) a dipole of rising (Northwest) and de-
scending (Southwest) motion at about 120°W, (ii)
broadscale descending motion east of the Northern
Rockies extending northeastward over the Great Lakes,
and (iii) a dipole consisting of rising motion over the
Southeastern States and adjacent low latitude Atlantic
Ocean, and descending motion over New England and
adjacent high latitude Atlantic. The seasonality of this
pattern is relatively small. The west-east oriented di-
pole of rising motion over the Northwest and sinking
air over the North Central plains can be interpreted as
being orographically induced. It is tempting however,
to think of the north-south oriented dipoles at the
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west- and east coast as local meridional overturnings
that act to decelerate and accelerate respectively the
time mean flow at middle to high tropospheric levels.

Figure 2a (winter) is very similar to Lau’s (1979) 11-
year winter-mean vertical motion at 500 mb, especially
over the western half of the United States. His data
were based on 6 hour forecasts of various NM models
used during 1965-76. Hence, there is some reason to
believe that it is no longer necessary to use 6 hour fore-
casts of vertical motion as proxies for observations. It
should also be pointed out that the four seasonal maps
based on NM analyses (not shown) are very similar to
the ones displayed in Fig. 2 (based on EC). A compar-
ison of Fig. 2c (summer) with the 5 year summer mean
vertical motion at 500 mb (based on 6 hr forecasts with
the NMC model (1970-72; 1976-77)) as given by
White (1983) is not quite as favorable. The major dif-

ference is that White finds very strong upward motion

over Baja California, but as he points out this is not in
agreement with the normal rainfall distribution in that
area. In that respect Fig. 2c is more credible, and it
may actually be that initial state vertical velocities dur-
ing 1981-83 are better than the 6 hour forecasts used
prior to 1980. A difference with both Lau and White
is that the magnitude of our vertical motion seems to
be smaller by a factor 1-3, which may be due to the
initialization. -

The monthly mean vertical motions used in this pa-
per are derived from daily w data rather than being
derived from monthly mean data, the difference being
primarily the explicit impact of transient eddies on
. Using ECMWF’s FGGE IlIb analyses for July 1979
data we calculated the vorticity advections
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FIG. 2. A 3 year climatology (1981-83) of seasonal mean vertical velocity at 500 mb over the United States based on daily initial
states of the ECMWF operational model. Winter is denoted as DJF, etc. The units are 1072 N m™2s™".
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~ where the bar stands for time averaging, and the other
symbols have their usual meaning. Assuming F = ({
+ f)dw/8p we can now integrate downward to find @
at 500 mb. The levels at which F, and Fyor were cal-
culated from analysed wind data are 100, 200, 250,
300, 400 and 500 mb. Here «(0) was assumed to be 0.
The results for w at 500 mb based on Fror and Fy, are
shown in Figs. 3a and 3b. As can be seen (from this
one example) the impact of eddies is to change the
magnitude of time mean vertical motion by 10%-30%,
but to leave the pattern practically unchanged. We also
. note that Figs. 3a and 3b are very similar in pattern to
the summer climatology (in Fig. 2), thereby giving cre-
dence to both methods of deriving @. This conclusion
was arrived at also by White (1983) who compared @
based on 6 h forecasts by the NMC model to the vor-
ticity equation method (Fror only). The most impor-
tant point to be made here is that the transient eddy
term in the vorticity balance has only a small (not neg-
ligible) impact on the derived vertical motion over the
United States. This explains at least in part why Cayan
and Roads (1984), Harnack and Lanzante (1985) and
many others were able to use just time-mean heights
in inferring precipitation from concurrent circulation.
None of them used @ directly, but combinations of Z,
and geostrophically derived #, ¥ should produce a re-
liable proxy for &w. A more systematic approach to as-
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FI1G. 3. The monthly mean vertical motmn at 500 mb during July
1979 as derived from the vorticity budget. The top panel is based on
monthly mean fields only while in the lower panel the effect of tran-
sient eddies is included. The unit is 1072 N m™2s~",
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FIG. 4. The pattern correlation [see (3) for a definition] of anomalies
in monthly mean precipitation with anomalies in monthly mean
vertical velocity (500 mb) over the United States during 1981-83 as
a function of the month. The-curve labelled EC (NM) refers to cor-
relation of precipitation with vertical motion of the European Center
(National Meteorological Center).

sessing the impact of transient eddies on & will be un-
dertaken in the near future when data over 1984-86
become available.

3. Results

Figure 4 shows the PC* between the anomalous pre-
cipitation and vertical motion fields as a function of
the month evaluated according to (3). Fortunately, the
correlation is negative in all 12 months, in agreement
with the expectation that anomalously upward motion
(& < 0)'should be associated with more than normal

N
precipitation (PP > 0) and vice versa. The correlation
is better in winter (about —0.65) than in summer (about
—0.20) which is probably due to the large amounts of
precipitation associated with showers in summer. The
occurrence of convective activity cannot always easily
be linked to the large-scale dynamics for which & is
representative. Regarding Fig. 4, we note that the EC
and NM vertical motion correlate nearly equally well
with precipitation over the United States. Figure 5
shows that, indeed, EC and NM monthly mean vertical
motion anomalies are highly correlated, especially in
winter (0.85). Whether this means that we know & fairly
well or that ECMWF and NMC have the same biases

" in their analysis/initialization schemes, we cannot tell

at this point.

a. Spatial degrees of freedom and statistical signifi-
cance

In order to discuss the statlstlcal s1gn1ﬁcance of the
foregoing results, we will ignore (just here) all season-
ality and consider the 3-year mean correlation

12 3
PC—-— > S PC(m,j) 4)
m 1j=1
and the standard deviation
' 12 3 172
sdpc = [36 > 2 ®Cn, )~ PC)z] )
m=1j=1
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FIG. 5. The pattern correlation of anomalies in monthly mean
vertical motion from EC with anomalies in monthly mean vertical
motion from NM over the United States during 1981-83 as a function
of the month. The curve EC/PP is repeated from Fig. 4 (sign reversed
though) for comparison.

Similarly we define PC* and sd based on 12 cases.

For a normal distribution with zero mean the stan-
dard deviation of a linear correlation theoretically obeys
(Panofsky and Brier, 1968)

sd=(N,~2)"'7 (6)

where N, is the number of degrees of freedom. In order
to assess statistical confidence limits of results such as
those in Fig. 4, it is essential to know how large N, (or
sd) is. Besides, it is interesting for its own sake to know
the effective sample size of the rainfall/vertical velocity
data. The maximum possible N, would be 344 (number

of &/l/’f’ datapoints in space) but spatial dependence
of the data will reduce this number considerably. In
order to determine N, we will resort to a poor man’s
Monte Carlo methodology.

In Table 1 we give PC, PC* and their associated N,
based on 36 (12) cases for, a number of experiments
-where we have shifted the vertical motion data to the
west, east, south and north. As expected the correlation
is highest when the vertical motions are colocated with
CDs (no shift, experiment 1). By shifting « over 5°
(10°) latitudinally (longitudinally), the correlation goes
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down considerably. The extreme shifts by 160, 180 and
200 degrees longitudinally serve here as Monte Carlo
experiments. What we actually do is to correlate pre-
cipitation over the United States with vertical motion
over South Central Asia. For all these cases PC or
PC* is very small and therefore the assumptions un-
derlying (6) are best met in Experiments 8, 9 and 10
(see Table 1). Therefore, when using PC N, =~ 21
seems to be our best estimate for the spatial degrees of
freedom for the 344 data points of monthly mean pre-
cipitation/vertical motion. When using PC* N, ~ 57
is appropriate,

Three final remarks about spatial degrees of freedom:

(i) N.= 21 isaseason independent number. In real-
ity N, is unquestionably a function of season but we
do not have enough data (for each month) to address
the seasonality. ,

(ii) N, = 21 is the number of degrees of freedom for
the combined precipitation and vertical motion anom-=
aly field. From the | month lag aufocorrelations, see
Table 2, we find N, to be about 24 for precipitation,
and 8 (EC) and 16 (NM) for vertical motion separately.
As was expected precipitation has more spatial degrees
of freedom than vertical motion. Spatial smoothing of
rainfall data (or designing larger CDs) may decrease
N, and thereby increase the PC between PP and w, but
that is not the issue here.

(iii) Because PC* taken 3 times more data into ac-
count than PC it is not surprising that N, associated
with PC* is much higher than 21.

AN

Since we had expected @ and PP 1o be negatively
correlated we can assess the statistical significance of
Fig. 4 by applying a one-sided test using N, ~ 57
(sd = 0.135). Therefore all values of PC* < —0.22 are
considered significantly different from zero at the 95%
level (and negative), a criterion passed by all months
in winter, spring and fall. For PC the criterion is more
stringent: PC < —0.38.

b. Geographical distribution

With just 3 years of data one cannot expect to resolve
all geographical variations in the relation between ver-
tical motion and precipitation. Here we restrict our-

TABLE 1. Simultaneous correlations (%) between monthly mean precipitation and EC 500 mb vertical motion anomalies over the United
States: 3 year mean (first line) and the spatial degrees of freedom (second line), evaluated according to Eq. (6). The shifts for experiment 1
to 10 denote by how much the vertical motion data were translated east- and northward relative to the rainfall data. PC and PC* refer to

two different measures of correlation as defined by Eq. (1) and (3).

Experiment shift 1 2 3 4 5 6 7 8 9 10 8,9 and 10
(°E, °N) 0,00 6,00 (10,00 (=50 (-10,0)0 (0,5 (0,-5) (160,0) (180,0) (200, 0) combined
PC ~38 ~-35 -19 -28 - ~17 -27 —28 -8 2 3 -1
N_,i_PC) 34 35 31 32 28 18 36 23 20 20 21
PC ~45 —43 ~29 =35 =22 -36 -34 -9 3 2 -1
N, (PC* 48 49 50 54 54 27 40 63 28 63 57
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TABLE 2. Yearly mean autocorrelation (%) of monthly mean pre-
cipitation and vertical motion anomalies over the United States at a
lag of 1 month based on data over 1981-83. Second and third line
give the standard deviation around the mean and the implied spatial

degrees of freedom for each of the fields.

Vertical motion

Precipitation EC NM
PC 3 10 6
sdpc 22 41 ‘26

N, 24 8 16

selves to considering four quadrants defined by the
40°N and 95°W latitude/longitude circles. Table 3
gives the yearly mean correlation between monthly
vertical motion anomalies (EC) at 500 mb and precip-
itation. The correlations are poorest (although still
negative!) over the southwestern quadrant where,
probably, desert-like conditions (negative rainfall
anomalies are rare) interfere with the desired linear
relationship between precipitation and vertical motion.
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FIG. 6. The decomposition of the pattern correlation between
anomalies in EC vertical motion and precipitation into contributions
from areas and months with descending (D) and rising (R) motion.
Area: the United States; years 1981-83.

¢. Linearity of the relationship

A central issue here is whether the relationship be-
tween vertical motion and precipitation anomalies is
linear. To that end we decompose (3) into

3 2 &%(m,j,JPPm, j,0) + 2 5 (m,j, OPP(m, j, )

PC*(m) =

that is, we sum separately over descending motion
(@*) and rising motion (&~) cases while keeping the
denominator as in (3). By doing so, we end up having
two terms which, in themselves, are not a correlation,
- but their sum is PC*(#2). Figure 6 shows how the cor-

AN
relation between PP and & is decomposed into contri-
butions from areas of anomalously descending (D) and
rising (R) motion. Since the D and R curves contribute
"roughly equal to the total (curve labeled EC) it appears
that anomalies in precipitation and vertical motion
over the United States are, to a first-order approxi-
mation, linearly related. In other words: the deficit in
precipitation associated with anomalously downward
motion is just as large as the surplus in precipitation
associated with an equally strong anomalously upward
motion. It is this linear anomaly property that enables
us to apply the results of this empirical study to a model
of the monthly mean atmosphere. A similar linear re-
lation between precipitation and height anomalies was
suggested for some areas by Klein and Bloom (1987).

TABLE 3. Yearly mean pattern correlation between vertical motion
(EC, at 500 mb) and precipitation anomalies over the United States
during 1981-83. The four quadrants are defined by the 40°N and
95°W axes and count 82 (Northeast), 86 (Northwest), 59 (Southwest)
and 119 (Southeast) Climate Divisions, respectively.

95°W
—47 | =54
31 T2 40N

(M

denominator

4. Comparing theory and observations

With only large scale « data at hand one can expect
to parameterize only that part of PP associated with
large-scale vertical motion.! The parameterization of
large scale precipitation goes back to Fulks (1935) and
can be expressed concisely as (Haltiner and Williams,

1980) '
6Fw

APP=———Ap (8)
g .
where APP is the amount of instantaneous precipita-
tion generated in a second in a layer of thickness Ap
as a result of adiabatic ascent or descent, g is acceler-
ation of gravity, 8 = 0 when w > 0 or when ¢ (mixing
ratio) is less than the saturation mixing ratio (g;) and
6 = 1 when both w < 0 and g = g,. Finally, F is given
by )

_gT( LR=GR,T
= (chvT 2+qsL2) ©)

where p is pressure, R (R,) is the gas constant for air
(water vapor), ¢, is specific heat at constant pressure

! By this we do not mean to say that convective precipitation is
not at all related to vertical motion. However, the physical relationship
between large scale vertical motion and convective precipitation is

- more indirect and not expected to be as simple as PP oc w.
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and L is the latent heat of vaporation. The F describes
how efficient the adiabatic precipitation process will be.

For comparison with the empirical study we have
tabulated in Table 4 some values of F and the associated
rainfall according to (8) for some choice of w. In these
examples, the rain precipitated in a day by the 14 50-

TABLE 4. Precipitation generated by a cold (upper), moderately
warm (middle) and warm (lower panel) saturated atmosphere. The
pressure at the center of the 14 50-mb-layers is denoted by p (mb),
the temperature by T(K), the precipitation efficiency F (10”7 m¥*/K),
precipitation (mm day™! or kg m~2 day™) from the layer (APP) and

accumulated precip (2 APP). The precipitation amount is calculated

for a parabolically sloped vertical motion profile with w = =102 N
m2 s at 500 mb and @ = 0 at 0 and 1000 mb. The temperatures
in bold at 850 mb are specified and define a cold (265), moderate
(280) and warm (295) atmosphere.

p T F APP > APP
Cold
200 184.0 0.00 0.000 0.000
250 195.1 0.01 0.000 0.000
300 204.8 0.03 0.001 0.002
350 213.4 0.07 0.003 0.004
400 221.2 0.13 0.005 0.010
450 228.2 0.20 0.009 0.019
500 234.5 0.30 0.013 0.032
550 240.2 0.41 0.018 0.050
600 2454 0.52 0.022 0.072
650 250.1 0.63 0.025 0.097
700 254.3 0.73 0.027 0.124
750 258.2 0.82 0.027 0.151
800 261.7 0.90 0.025 0.177
850 265.0 0.96 0.021 0.198
Moderate
200 204.9 0.07 0.002. 0.002
250 217.0 0.20 0.007 0.009
300 227.3 0.42 0.015 0.024
350 236.1 0.69 0.027 0.052
400 243.6 0.97 0.041 0.092
450 249.9 1.21 0.053 0.145
500 255.5 1.41 0.062 0.208
550 260.3 1.56 0.068 0.275
600 264.5 1.65 0.070 0.345
650 268.2 171 0.068 0414
700 271.6 1.74 0.064 0.478
750 274.6 1.75 0.058 0.536
800 2774 1.74 0.049 0.585
850 280.0 1.73 0.039 0.624
Warm
200 240.3 2.66 0.075 0.075
250 250.3 3.38 0.112 0.187
300 2579 3.67 0.136 0.323
350 264.0 3.72 0.149 0.472
400 269.1 3.64 0.154 0.625
450 273.4 3.51 0.153 0.778
500 277.1 3.35 0.148 0.926
550 280.4 3.20 0.140 1.065
600 283.4 3.05 0.129 1.194
650 286.1 291 0.116 1311
700 288.6 2.77 0.103 1.414
750 290.9 2.65 0.088 1.501
800 293.0 2.54 0.071 1.573
850 295.0 243 0.055 1.627
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mb layers between 825 and 175 mb is tabulated for a
cold, moderately warm and warm atmosphere. The
assumptions made here are that the atmosphere is sat-
urated from 825 to 175 mb, the temperature follows
the wet adiabat, the 850 mb temperature is specified,
and w follows a parabolic profile with maximum up-
ward motion of —1072N'm 2 K~! at 500 mb and zeros
at 0 and 1000 mb. The most important features for
our subsequent discussion are (i) vertical motion of
—1072N m™2 5! at 500 mb is theoretically associated
with a rainfall on the order of 1 mm day™!, and (ii) at
constant pressure, ¥ (and APP) increase with 7, that
is F'increases with moisture availability. In other words:
the same vertical motion will generate more precipi-
tation in a warm wet atmosphere than in a cold dry
atmosphere, at least as long as the assumptions un-
derlying Table 4 are valid in different climates and sea-
sons.

The precipitation generated by adiabatic ascent is
linear in w at any level. Therefore, Table 4 and the
above discussion apply also to anomalies in vertical
motion and precipitation, at least as long as w < 0. If
the atmosphere were constant over a month, Table 4
would even apply to monthly mean anomalies.

In section 3 we discussed the relationship between

~
PP and & in terms of a linear correlation. The corre-
lation can easily be converted to a regression constant
a N

PP =a® (10)

where a = PC*sd,, /sd,,. Figure 7 shows the regression

coeflicient a based on EC data as a function of the time

of the year for the entire domain (center) and for the
N~

four quadrants (defined earlier). By expressing PP in
mm day ™! and & in units of 1072N m™2s™! we find a
(year-round) to be about —0.6. This is close to the val-
ues in Table 4 where a moderately warm atmosphere
was calculated to produce ~0.6 mm day~! when lifted
continuously by =107 N m~2 5! at 500 mb.

The calculations shown in Table 4 also indicate that
a should vary with the moisture content of the atmo-
sphere. That is, a should be a function of season (high
in summer, low in winter presumably) and a should
be high in a warm moist climate and low in a dry cold
climate. There is some evidence in Fig. 7 that such
variations indeed occur. Supportive evidence is that a
is lowest in the desert Southwest (@ ~ —0.3) and also
that a is sharply higher during the period of “monsoon”
in the Southwest. Otherwise, we cannot conclude that
a in the Southeast is higher than, say, in the Northeast
even though the atmospheric moisture content in the
Southeast is undoubtedly larger. Also, there is no clear
evidence for 2 to be high in summer and low in winter.
This may be due to the fact that the correlation in
summer is insignificant to start with (PC* ~ —0.2) so
that any further physical interpretation is impossible.

Another check on the numerical value of a was per-
formed with Climate Division rainfall data over India.
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FIG. 7. The regression parameter a as a function of season for the United States as a whole
(central portion) and for the four quadrants. The a is determined from a least-squares regression
fit between monthly mean precipitation and EC vertical motion anomalies at 500 mb observed

over the United States during 1981~83.

Vertical motion data at 500 mb for 1981-83 derived
from EC were averaged over the four months June,
July, August and September (summer monsoon sea-
son), and the anomalies were then correlated with
June-September mean anomalies in rainfall in 29 Cli-
mate Divisions in India. The results can concisely be
given as —~
PP =—0.4&

—~

where PP and & have the same units as before. It is
encouraging to see that also over India rainfall and
vertical motion anomalies are negatively correlated
(PC* = —0.45), but the value of ¢ = —0.4 is lower than
we had expected for a warm moist climate. Situated at
low latitudes (8°N < ¢ < 30°N) and in an area where
diabatic processes are important the EC (and NM) ver-
. tical motions are perhaps less reliable. Moreover the
convective rainfall may not have a simple relationship
with large scale vertical motion.

At this point, we can also make a comparison with
Nitta’s (1972) work concerning the vertical motion
(calculated from divergence of observed winds) and
rainfall at the tropical Marshall Islands in 1956 and
1958. Dividing the precipitation collected at the Islands
during March-July by the time mean 500 mb vertical
velocity during that period yields a = —0.8 and a
= —1.4 for 1956 and 1958, respectively. This can be
taken as empirical evidence that a is larger negative in
a moist, warm atmosphere.

\

We will consider now variations of the regression
equation so as to allow for variations in atmospheric -
moisture availability represented by the mixing ratio
at 850 mb (g). Specifically, we will investigate the per-
formance of ) ' ‘ '

(11a)
(11b)

P

PP = bgo,
iy LA
PP = cg,w,

The motivation is the following,. In (11a) we weigh the
vertical motion at 500 mb with the simultaneous
(monthly mean) mixing ratio at 850 mb since it seems
essentially correct to expect more (less) precipitation
if ¢ is high (low). We may not always know.q. Therefore,
in (11b) we have degraded (11a) by using the clima-
tological space dependent g,, that is the 1981-83 av-
erage. '

In contrast to most previous results the exercises
(11a)—-(11b) are entirely based on NM data (because
the January and February 1981 g fields were missing
in the EC dataset). Multiplying w by ¢ does improve
PC* in 10 out of 12 months: the yearly mean PC*
increases from —0.414 to —0.434. This is modest em-
pirical evidence that a wet atmosphere over the United
States produces more rain (for the same & at 500 mb)
than a dry atmosphere. In (11b) we consider &g,,
thereby ignoring the interannual variability of g; and
indeed PC¥* (yearly mean) drops back to —0.423.

Finally we consider



1 JANUARY 1987

3 9
S~
PP=d(—u—q—v—q) . (11¢)
ax  9y/es
That is, we assume that horizontal moisture advection
in a steady state situation should be related to precip-
itation, without any reference to vertical motion. The
yearly mean PC* for (11c) is +0.210, a rather disap-
pointing result.

In summary, our attempt to extract the role of mois-

ture in the relationship between ff’ and @ from em-
pirical data gives at best modest results. It follows that
given upward motion either moistute is not a limiting
factor for precipitation at these time-scales, or that the
moisture analyses are of a low quality.

5. Potential applicaﬁon in linear models

The empirical study has indicated that, on the-

monthly time scale, precipitation and vertical motion
anomalies are linearly related. Therefore it makes sense
1o consider application of this finding in linear anomaly
steady state models. Since the seasonality and geo-
graphical dependence of @, in (10), are hard to interpret
we will assume for the sake of this discussion

N
PP~ —0.5& (12)

at all times and places, where the units for lql\’ and @
.are mm day~! and 10™2 N m~2 5™, respectively. As-
suming, for simplicity, a layer of 500 mb over which
@ varies little with height and assuming further that
precipitation is formed uniformly within that layer, (12)
translates into a heating rate uniform with height given
by

_OQuwn_ wg= 25%10%

- . _l
P [units: Ks™'] (13)

The context in which we want to apply (13) is a
linear stationary anomaly model of the type described
in Opsteegh and Van den Dool (1980). The linearized
thermodynamic equation reads typically:

8T 6T,

U, Ix +9D 3
where U,, T, and g, are basic state zonal wind, tem-
perature and static stability, and 7, 9, @ are the anom-
alies in temperature, meridional wind and vertical ve-
locity in response to anomalous heat forcing Q. Here
Q consists in principle of latent, sensible and radiational

heating, i.e. L A )
Q=0in+Usu+t Urap

Since Q1 11/¢c, = a*o holds approximately [see (13)], it
is possible to rewrite the —a,& term in (14) as —(o,,
+ a%)a. In other words: expressing precipitation
anomalies in terms of vertical velocity anomalies is
equivalent to a redefinition of the static stability of the
basic state. Since g, is typically on the order of 5 X 107*

—a.0=0Jc, (14)
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K/Pa and a* ~ —2.5 X 10~ K/Pa the change of o, to
(o, + a*) is very large and has important consequences
in a model.

There are reasons to believe that the empirical a* is -
too large. In some areas the climatological mid-tro-
pospheric o, can be as low as 3.107* K Pa™! thereby
making ¢, + a* almost zero. The reason for a* being
too large is that in all likelihood the empirical w data
are too small in magnitude especially in areas of pre-
cipitation.

Some preliminary experiments with linear stationary
models indicate that with decreased static stability the
response to a prescribed heat source becomes more
vigorous. This was to be expected, especially in the
tropics, since a larger @ is needed to balance the forcing.
However, once large divergence/convergence is estab-
lished in the upper level tropics the effect will be visible
also in the midlatitudes through wave propagation.

Although attempts to include moisture were not very
successful from an empirical point of view, see section
4, we feel it should be correct to write

(16)

In this case the constant of proportionality (cg,) be-
comes a function ‘of season and location. A linear
model with a basic state varying in three-dimensions
is needed to effectively apply (16). »

The idea to reduce the static stability as an easy pa-
rameterization of rainfall is not new. But it is only in
the framework of anomalies and sufficiently long time
averages (allowing negative precipitation) that the idea
is powerful. In this study we have tried moreover to
estimate quantitatively the reduction of ¢, from em-
pirical data.

The reduction of o, seems to be at variance with the
climatological effect of the release of latent heat, which
is to warm the middie troposphere and to stabilize the
lower troposphere. Of course we are not concerned here
with a maintenance equation for o, but rather one for .
T. Nevertheless it is good to reflect on what ¢, (based
on measurement) really stands for. The basic question
is: Does the observed o, already reflect the relation

N
between PP and & and is it therefore redundant to re-
duce ¢, to o, + a*? This is a philosophical problem
encountered in all studies where a prescription of the
basic state is necessary, and will not be solved here.

PP = cq,@

6. Comparison of NM and EC vertical motion

Starting from the assumption that vertical motion
and precipitation should be correlated, we have an op-
portunity here to closely compare the quality of NM
and EC 500 mb vertical motion anomalies over the
United States during 1981:8\3. Using (1) the pattern

correlation between @ and PP has been calculated for
all 36 months, for both EC and NM vertical motion.
The results are plotted in Fig. 8. Individual values of
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FIG. 8. The pattern correlation [see (1) for a definition] of anomalies in monthly mean precip-
itation with monthly mean vertical velocity at 500 mb over the United States for all months
during 1981-83. The circles (full dots) refer to NM (EC) vertical motion. The inset on the right

represents yearly averages.

—0.38 (or larger negative) pass the test of statistical
significance based on N, ~ 21, see Table 1. There is
incredible scatter from month to month, but neverthe-
less it is clear that the EC- and NM-based correlations
are generally close in a given month, This implies that
most often & is similar in the analyses of these two
centers. A notable exception is November 1981.

It is only upon averaging these values over the whole
year, see inset at the right in Fig. 8, that it becomes
clear that the EC vertical motions score higher than
those of NMC every year by a small margin, typically
PC = —0.37 versus PC = —0.34. Some of this difference
may be due to the systematically smaller scales found
in NM vertical motion fields (see Table 2). In addition
it is worth pointing out that the magnitude of NM
— &is generally larger then EC — @. However additional
smoothing of NM — & does not improve the PC any
further.

Three years are not enough to see the improvement
in the analysis of the divergent motion that most likely
is achieved at both centers. In September 1982 a dia-
batic initialization scheme was introduced operation-
ally at the EC. It is therefore of some interest to compare
correlations before and after that month. We fail to
detect in Fig. 8 any change in PC due to this potential
improvement of ‘observations’ of w.

7. Coﬁclusions

An empirical study using monthly mean vertical
motion and precipitation data over the United States
during 1981-83 was undertaken. The results are:

(i) Anomalies in precipitation (PP) and vertical

motion at 500 mb (&) are correlated moderately well.
The sign of the correlation is negative so that upward
motion implies precipitation. The correlation is best
in winter (approximately —0.65) and worst in summer
(approximately —0.20),.most probably reflecting the
seasonality in the relative importance of large-scale and
convective rains.

(ii) To a first order approximation PP and @ are
linearly related implying that the deficit of rain asso-
ciated with anomalous downward motion is just as
large as the surplus of rain associated with anomalous
upward motion of the same magnitude.

(iii) The empirical parameter a (in 131\3 = qw) has an
order of magnitude comparable to what one can expect
from adiabatic ascent in a saturated atmosphere. The
seasonality and geographical dependence of g, however,
are harder to interpret. There is only weak empirical
evidence for a to be large in a moist atmosphere.

(iv) Attempts to exphcxtly mclude atmosphere

moisture in the relation between PP and & did not lead
much improvement of the empirical results. Parame-

- 'A . . -
terization of PP in other variables leads to results in-
S
" ferior to the simple PP, & correlation.
o~

(v) The linear relation PP = ad can easily be im-
plemented in a linear steady state anomaly model. A
parameterized latent heat source implies a significant
reduction of the static stability.

(vi) Vertical velocities taken from the post-initial-
ized initial states of Numerical Weather Prediction
models during 1981-83 appear credible. Their patterns
are reasonable but the magnitude of w is probably too
small.
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Most calculations reported in this paper were based
on monthly anomalies. It suffices to say that correla-
tions and regression constants for seasonal mean
anomalies were very similar and need not be discussed
here.

In this study we compared vertical motion as present
in the initial state of NWP models to independently
observed rainfall. For one month, February 1982, we
compared also with the rainfall calculated by the NMC
model during the first 24 hours of the 28 forecasts.
While the pattern seems alright the precipitation
amount produced by the model is only half of what is
observed. This can perhaps be taken as another indi-
cation that, at least initially, vertical motion is too
small.

Knowing & at 500 mb explains some 35-40% of the
interannual variance of monthly precipitation amounts
in winter over the United States, a percentage very close
to Klein and Bloom’s (1987) explained variance ob-
tained from screening the 700 mb height field. It scems
therefore that, as of the early 1980s, the application of
the continuity equation to (u, v) fields derived from
state of the art global data assimilation systems yields
a reasonable measure of vertical motion from which
precipitation can be inferred.
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