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Hugo A. Loáiciga
University of California, Santa Barbara
Runoff and precipitation scaling with respect to drainage area is analyzed for large river basins of the world, those with
mean annual runoff in excess of 10 k3/yr. The usefulness of the specific runoff (runoff per unit drainage area, m/yr) to
categorize runoff scaling laws across the complete spectrum of climatic and hydrologic conditions is evaluated. It is
found that (1) runoff scales with drainage area in those river basins with specific runoff in excess of 0.15 m/yr (r2 = 0.88);
(2) runoff scaling with drainage area shows remarkably high statistical correlation (r2 = 0.97) in river basins with specific
runoff equal to or larger than 1.0 m/yr; (3) runoff does not increase with increasing drainage area in river basins with
specific runoff below 0.15 m/yr, where no discernible statistical association was found between runoff and drainage area;
and (4) precipitation depth (m/yr) is inversely proportional to drainage area raised to a fractional exponent in river basins
with specific runoff in excess of 0.15 m/yr. Key Words: runoff, specific runoff, runoff scaling, depth-area-duration
curves, large rivers.

Introduction: Runoff and
Watershed Area

Hydrologists have long sought relations be-
tween runoff (in terms of peak values or

total volume) and physiographic variables (wa-
tershed area, watershed shape, watershed mean
slope, drainage  pattern characteristics,  etc.).
Such relations have been studied based on di-
mensional analysis (Strahler 1958), regression
and regional analysis (Leopold et al. 1964; Mor-
isawa 1973), geomorphic/climatic interactions
(Rodriguez-Iturbe et al. 1982), and, more re-
cently, on probabilistic analyses of runoff scaling
and multi-scaling (see, e.g., Smith 1992; Gupta
et al. 1994). Power laws relating runoff (Q) asso-
ciated with a specified return period (e.g., the
100-year event or 99% quantile) and drainage
area (A) have been proposed by several authors.
A typical example is the empirical power law,

Q(A) = CAm (1)

in which C and m are coefficients applicable to
watersheds within a hydroclimatically homoge-
neous region. Gray (1973) listed 35 similar for-
mulas, and Chow (1964) compared many others.
Equation (1) is a mathematical statement of the
scaling of runoff with respect to watershed area.
Thus, according to equation (1), the ratio of
runoffs with the same return period from two
watersheds of areas A1 and A2 must be (A1/A2)m.

The first objective of this article is to examine
the nature of mean runoff scaling with respect

to drainage area for large rivers of the world (i.e.,
those with mean annual runoff equal to or larger
than 10 km3/yr). Watershed area has been used
as the predictor variable in previous studies of
runoff scaling. However, it has been limited to
relatively small sizes, typically less than 25,000
km². This practical constraint on watershed size
stems from the underlying assumptions of hy-
droclimatic homogeneity required by (1) em-
pirical runoff-area relations, and (2) the more
refined simple scaling and multi-scaling inter-
pretations of runoff-area associations. In a de-
parture from past practice, Loáiciga et al. (1996)
studied the behavior of annual runoff over large
rivers of the world, those with a mean annual
runoff equal to or larger than 10 km³. In that
case, the smallest watershed area was 20,000 km²
and the largest was 6,150,000 km². Loáiciga et
al. (1996) were interested in the discrepancies
between model-simulated and measured runoff
for large rivers. The focus of this study is to
investigate runoff-area scaling relations in these
large river basins based on the global runoff-area
data set presented by Milliman and  Meade
(1983).

The second objective of this article is to ana-
lyze the implications that runoff-area scaling has
on precipitation-area relationships for large riv-
ers. Runoff-area data are available for most large
rivers of the world (Milliman and Meade 1983;
Berner and Berner 1996). Yet, complete precipi-
tation-area data of comparable accuracy are not
available for many of those river basins. There-
fore, runoff-area scaling laws may provide valu-
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able clues about precipitation-area statistical re-
lationships. In addition, this article examines the
usefulness of the specific runoff (s ≡ runoff /
drainage area, dimensions of length) in catego-
rizing runoff scaling laws applicable to large
rivers of the world.

Deterministic and Probabilistic
Runoff Scaling

The power law in equation (1) represents a de-
terministic relationship between runoff of speci-
fied recurrence and watershed area. The
estimation of the coefficients C and m can be
carried out, for example, by the method of least
squares. Statistical inference on the estimated
coefficients (C and m) and runoff predictions
requires the randomization of equation (1). One
convenient way of doing this is to take loga-
rithms on both sides of equation (1) and add an
error term (v) to the resulting, linearized, equa-
tion. Specifically,

logQ = logC + m logA + v (2)

It is seen from equation (2) that the coefficient
m is the slope of the best-fit line for the Q versus
A data on log-log paper. The coefficient C is to
equal 10C*, in which C* is the intercept of the Q
versus A best-fit line of the Q axis. Alternatively,
C and m are estimable by simple regression
analysis.

A general interpretation of runoff depend-
ence on watershed scale has emerged recently
with  the  introduction  of simple-scaling  and
multi-scaling probability distributions of runoff
(Smith 1992; Gupta et al. 1994). Let Q(A) de-
note random runoff indexed by watershed area
A. Thus, for a fixed area A (and return period)
there is a probability distribution that governs
the magnitude of runoff. Q represents the esti-
mator of a peak or quantile value or the total
volume over a period of time. The runoff distri-
bution follows a simple scaling law if the follow-
ing holds:

for all A (3)

in which ~ means “distributed as” and A* repre-
sents a reference drainage area. The reference
area is the minimum-sized drainage area for
which the scaling relation (3) is assumed to hold.

The similarity between equations (1) and (3)
is obvious, but their difference is subtle, yet
fundamental. While equation (1) represents a
relationship between deterministic quantities,
equation (3) relates two probability distribu-
tions.  Thus, according  to the simple-scaling
equation (3), if the  distribution of Q(A*) is
known, so is the distribution of Q(A). More
complex models describing the scaling of runoff
with drainage area have been reported in the last
few years. For example, multi-scaling runoff dis-
tributions arise when the probabilistic depend-
ence of runoff on watershed area cannot be
described by the simple model of equation (3)
over the entire range of area (see Gupta et al.
1994).

Runoff, Drainage Area, and Specific
Runoff for Large River Basins

Table 1 contains drainage area and mean annual
runoff data for the 47 largest rivers of the world.
In this case, the criterion for qualifying as a large
river is that mean annual runoff must be 10 km³
or larger. The data of Table 1 suggest that drain-
age area alone is not an ideal criterion for class-
ifying a  river as large or small in terms  of
discharge. Some rivers have large drainage areas
but relatively small mean annual runoff, in many
cases less than 10 km³. The Nile river has a total
drainage area of 2,960,000 km², and yet its mean
annual runoff is only 30 km³. On the other hand,
the Purari river (New Guinea) has a drainage
area of only 31,000 km² but its mean annual
runoff is an astonishing 77 km³. On a per-unit-
area basis, the Purari river produces more runoff
than any other large river: its specific runoff is
the largest at 2.48 m/yr.

The rivers have been ranked in Table 1 in
descending order by specific runoff. A few rivers
whose watersheds lie within wet equatorial lati-
tudes, such as the Purari (New Guinea), Fly
(New Guinea), Amazon (Brazil, flowing mostly
west-east), Orinoco (Venezuela), and Mag-
dalena (Colombia), have large specific runoffs,
equal to or larger than 1.00 m/yr. The Hungho
(Vietnam) and Irrawaddy (Burma) rivers, both
with specific runoffs at or larger than 1.00 m/yr,
are located within humid subtropical latitudes in
regions of strong monsoonal activity. Rivers
with the lowest specific runoff (less than 0.07
m/yr), such as the Colorado (United States),
Huangho (China), Tigris-Euphrates (discharg-
ing to the Indian Ocean in Iraq), Orange (South
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Africa), Murray (Australia), and Nile (discharg-
ing to the Mediterranean Sea in Egypt in its
south-north journey), are located  in the dry
midlatitudes and/or subject to strong rain-shad-
owing by mountain massifs. The Yana and
Kolyma rivers, located within the low-humidity
Russian subarctic continental and arctic regions,
exhibit low specific runoffs of less than 0.15
m/yr. All other rivers considered in this work are
found in a wide range of geographical-climatic
zones, with specific runoffs between 0.15 and
1.00 m/yr.

Large rivers with specific runoff at or larger
than 1.00 m/yr encompass a wide range of drain-
age areas, from 31,000 (Purari river) to
6,150,000 km² (the Amazon river). The same can
be said of large rivers with specific runoff less
than 0.15 m/yr, which include drainage areas
from 220,000 (Yana river) to 2,960,000 km² (the
Nile). Rivers with specific runoff between 0.15
and 1.00 m/yr have drainage areas ranging from
50,000 km2 (Susitna river) to 1,250,000 km2

(Zaire river). Figure 1 shows a plot of the ratio
of mean annual runoff to drainage area, the

Table 1 Data for Rivers of the World with Mean Annual Runoff Equal to or Larger than 10 km3 /yr
(adapted from Milliman and Meade 1983)

Drainage area Mean runoff Specific runoff
Number River (104 km2 ) (km3/yr) (m/yr)

1 Purari 3.1 77 2.48
2 Fly 6.1 77 1.26
3 Orinoco 99 1100 1.11
4 Hungho 12 123 1.03
5 Amazon 615 6300 1.02
6 Irrawaddy 43 428 1.00
7 Magdalena 24 237 0.988
8 Susitna 5 40 0.800
9 Zhu Jiang 44 302 0.686

10 Po 7 46 0.657
11 Ganges/Brahmaputra 148 971 0.656
12 Copper 6 39 0.650
13 Hudson 2 12 0.600
14 Mekong 79 470 0.595
15 Rhone 9 49 0.544
16 Mehandi 13 67 0.515
17 Fraser 22 112 0.509
18 Damodar 2 10 0.500
19 Yangtze 194 900 0.464
20 St. Lawrence 103 447 0.434
21 Columbia 67 251 0.375
22 Zaire 382 1250 0.327
23 Severnay Dvina 35 106 0.303
24 Negro 10 30 0.300
25 Godavari 31 84 0.271
26 Danube 81 206 0.254
27 Indus 97 238 0.245
28 Yukon 84 195 0.232
29 Yenisei 258 560 0.217
30 Lena 250 514 0.206
31 Zambesi 120 223 0.186
32 Mississippi 327 580 0.177
33 Amur 185 325 0.176
34 MacKenzie 181 306 0.169
35 La Plata 283 470 0.166
36 Niger 121 192 0.159
37 Ob 250 385 0.154
38 Indigirka 36 55 0.152
39 Sao Francisco 64 97 0.151
40 Yana 22 29 0.132
41 Kolyma 64 71 0.111
42 Huangho 77 49 0.063
43 Tigris/Euphrates 105 46 0.043
44 Colorado 64 20 0.031
45 Murray 106 22 0.0208
46 Orange 102 11 0.0107
47 Nile 296 30 0.0101
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so-called specific  runoff  ratio, for the rivers
listed in Table 1. It is seen in Figure 1 that
specific runoff has a weak association with drain-
age area when all the runoff-area data are con-
sidered. The impact of specific discharge on
runoff scaling will be further explored below.

Runoff Scaling in Large River Basins

Consider again the simple-scaling equation (3).
Taking expected values on both sides of equation
(3) and letting A* = 1, where 1 means one unit
of area equal to 104 km2 , yields the following:

q(A) = Amq(1) (4)

in which q( ) denotes the expected value of Q( ),
in km³/yr, and A is the drainage area, in multiples
of 104 km2. Figure 2 shows a plot of the mean
annual runoff, q(A), as a function of drainage
area for the rivers listed in Table 1. Rivers with
specific runoffs equal to or larger than 1.00 m/yr

(numbered 1 through 7) or less than 0.15 m/yr
(numbered 40 through  47) are highlighted.
These rivers (1–7 and 40–47) introduce a fair
amount of scatter around the least-squares line
in the log-log plot of runoff versus drainage area.
The least-squares function fitted to the entire
data in Figure 2 is:

q(A) = 11.55A0.63 (5)

in which q is in km³/yr and A in multiples of 104

km². In equation (5), 11.55 is the least-squares
estimate of q(1), which is the mean annual runoff
(in km³/yr) for a unit drainage area of 104 km2.
The coefficient of determination for the regres-
sion in equation (5) is r2 = 0.43, indicating a weak
relation between mean annual runoff and drain-
age area. This is attributed to those rivers with
specific runoff equal to or larger than 1 m/yr
(labeled 1 to 7 in Figure 2) and to those with
specific runoff below 0.15 m/yr (labeled 40 to
47). The runoff and drainage area data for these

Figure 1: Specific runoff vs. area for 47 largest rivers of the world. Numbers 1-7 denote rivers with specific
runoff ≥ 1.00 m/yr and those numbered 40-47 have specific runoffs < 0.15 m/yr (see Table 1).
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rivers show the largest deviations from the best-
fit line in Figure 2.

Next, rivers with specific runoff equal to or
larger than 1.00 m/yr (1–7 in Figure 2) or spe-
cific runoff less than 0.15 m/yr (40–47 in Figure
2) were discarded and a least-squares function
was fitted to the remaining set of data points. A
graph is shown in Figure 3. The least-squares
function was in this case (for the specified range
of specific runoff, s) :

q(A) = 7.90A0.771 0.15 < s < 1.00 (6)

in which q and A are in km³/yr and in multiples
of 104 km2/yr, respectively, and s is in m/yr. The
coefficient of determination  associated  with
equation (6) is r2 = 0.88, a significant improve-
ment relative to the least-squares function (5)
(shown in Figure 2). The least-squares estimate
of the mean annual runoff for a unit drainage
area equal to 104 km2 is q(1)= 7.90 km3/yr ac-

cording to equation (6). Notice that the power
law of equation (6) applies to drainage areas
between 20 × 104 and 3,820 × 104 km2, which
comprises the entire range of drainage area con-
sidered herein with the exception of the Amazon
river, which has the largest drainage area at
6,150 x 104 km2.

A power law was fitted to runoff-area data for
rivers 1–7, i.e., those with a specific runoff equal
to or larger than 1.0 m/yr. Graphical results are
shown in Figure 4. The regression equation is in
this case:

q(A) = 17.53A0.887 s ≥ 1.0 (7)

where q and A are expressed in m/yr and multi-
ples of 104 km2, respectively. The coefficient of
determination r2 = 0.97 for the power law of
equation (7), a remarkably high positive corre-
lation between runoff and area for these large,
humid, river basins.

Figure 2: Runoff vs. area for 47 largest rivers of the world. Least-squares line is given by q(A) =
11.55A0.63(r2 = 0.43), in which q(A) is the mean annual runoff in km³ and A is drainage area in multiples of
104 km2. Numbers 1-7 denote rivers with specific runoff s ≥ 1.00 m/yr and those numbered 40-47 have
specific runoff s < 0.15 m/yr (see Table 1).
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Lastly, the data for rivers 40–47, those with
specific runoff less than 0.15 m/yr, were analyzed
for possible patterns of statistical association
between runoff and drainage area. None was
found, with a number of statistical models (e.g.,
power, logarithmic, and linear models) yielding
r2 very near zero ( in all cases < 0.01).

The previous analysis suggests strong statisti-
cal correlation between runoff and drainage area
for river basins with large specific runoff. Con-
versely, runoff and drainage area do not correlate
well in cases where the specific runoff is less than
0.15 m/yr. Rivers with specific runoff less than
0.15 m/yr exhibit a common denominator: rela-
tively small water supply per unit drainage area.
In this case, evaporation (E) is a strongly domi-
nant factor over runoff (Q) in the hydrologic
equation , P = E + Q, where P denotes precipita-
tion. Under these circumstances, the runoff-
area data indicate that no runoff scaling laws
exist, and, as a corollary, that drainage area does
not correlate positively with drainage area.

Some Implications of the Power Law
Relating Runoff and Drainage Area

Equations (6) and (7) indicate that the mean
annual runoff of large rivers with specific dis-
charge larger than 0.15 m/yr is a power function
of drainage area, where the exponent m is less
than one but larger than zero. Therefore, runoff
increases with increasing drainage area. What
are the implications of the previous findings for
runoff scaling with respect to precipitation-area
relations? Precipitation data for many large river
basins do not have adequate spatial coverage.
Runoff-area data, on the other hand, have been
compiled with reasonable accuracy. This is not
surprising, since runoff can be measured at a few
strategically located sites to estimate mean an-
nual discharge from large river basins. Precipi-
tation, on the other hand, typically has high
spatial variability, thus requiring extensive
monitoring networks to assess basin-scale aver-
ages with acceptable accuracy (i.e., within + 5%
of the actual mean). It is useful, therefore, to

Figure 3: Runoff vs. area for large rivers with specific discharge 0.15 < s < 1.00 m/yr. Least-squares line
is given by q(A) = 7.90A0.771(r2 = 0.88). q(A) is the mean annual runoff in km3 and A is drainage area in
multiples of 104 km2.
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obtain precipitation-area scaling relationships
indirectly, that is, from runoff-area scaling laws.
How do the power laws in equations (6) and (7)
relate to mean annual precipitation depth (P,
dimensions of length) in the drainage area? The
volume of precipitation in a drainage area A is
equal to P • A (dimensions of volume). The
runoff associated with that volume of precipita-
tion is q = K • P • A, where K is the so-called
runoff coefficient. The runoff coefficient lies in
the interval 0 ≤ K ≤ 1. K measures the fraction
of precipitation that becomes runoff. It takes
values below 0.3 in dry river basins, where a large
fraction of precipitation is vaporized to the at-
mosphere, while it rises above 0.4 in humid
basins, where soils are frequently near satura-
tion. For other basins, the runoff coefficient lies,
with remarkable consistency, between 0.3 and
0.4 (Zektser and Loáiciga 1993). Therefore, ex-
cept  in extreme  cases, K may be  treated  as
though independent of drainage area size. Di-
viding either equation (6) or (7) by K • A, and
introducing a dimensional conversion factor (Φ)

to produce precipitation P in m/yr, yields a scal-
ing law for mean precipitation:

s > 0.15 (8)

where m-1 equals -0.229 or -0.113 for equations
(6) or (7), respectively; Φ equals 0.790 or 1.753
for equations (6) or (7), respectively; P is in m/yr;
and A is expressed in multiples of 104 km2.

Equation (8) establishes that mean precipita-
tion depth is inversely proportional to drainage
area raised to a fractional exponent (when spe-
cific discharge exceeds 0.15 m/yr). This kind of
dependence  of mean precipitation  depth on
drainage area is intriguing in view of the fact that
depth-area-duration data indicate that, for a
given  duration  of a  precipitation event,  the
depth of precipitation  tends to drop as  the
storm-covered area increases (see, e.g., Chow
1964). Thus, our analysis suggests that patterns
of depth-area association observed at the scale
of individual precipitation events carry over to

P
K

Am= ⋅ −Φ 1

Figure 4: Runoff vs. area for large rivers of the world with s ≥ 1.0 m/yr. Least-squares line is given by
q(A) = 17.53A0.887 (r2 = 0.97). q(A) is the mean annual runoff in km3 and A is drainage area in multiples of
104 km2.
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the scale of large river basins and are reflected
in the relation between mean annual precipita-
tion depth and drainage area.

Summary and Conclusions

This paper has analyzed the relation among (1)
mean annual runoff and drainage area, (2) mean
precipitation depth and drainage area, and (3)
the role of specific runoff as an indicator variable
with which to categorize runoff scaling laws for
large rivers of the world. Following previous
experience with area-runoff relations for small
rivers, a simple scaling of runoff with respect to
drainage area was assumed as a working hy-
pothesis in this study of large rivers. The results
of our analysis indicate that:

1. Specific runoff is useful for categorizing run-
off scaling laws in large rivers. Such scaling
laws show strong statistical association be-
tween mean annual runoff and drainage area
in river basins where specific runoff exceeds
0.15 m/yr. In large rivers with specific runoff
less than 0.15 m/yr, no discernible associa-
tion was identified between runoff and drain-
age area. In fact, for the latter rivers, the data
indicate that mean runoff does not increase
with increasing drainage area.

2. Specifically, for the range of specific runoff
between 0.15 and 1.00 m/yr, mean annual
runoff (in km3/yr) is proportional to A0.771. In
river basins with specific runoff in excess of
1.0 m/yr, runoff is proportional to A0.887. The
statistical  correlation between  runoff  and
drainage area is excellent for river basins with
specific runoff in excess of 0.15 m/yr. The
coefficient of determination is r2 = 0.88 for
the scaling law of rivers with specific runoff
between 0.15 and 1.0 m/yr, while it is equal
to 0.97 for those rivers with specific runoff
equal to or larger than 1.0 m/yr.

3. Mean annual precipitation depth (in m/yr)
was determined from runoff-area power
laws. Precipitation is proportional to A–0.229

for those rivers with specific runoff between
0.15 and 1.0 m/yr, while it is proportional to
A–0.113 in rivers with specific runoff in excess
of 1.0 m/yr. Precipitation depth decreases
with increasing drainage in large rivers with
specific runoff in excess of 0.15 m/yr. Our
analysis suggests that in dry regions, where
evaporation consumes a large portion of the

precipitation, runoff is not positively corre-
lated with area size. As the specific runoff
increases above 0.15 m/yr, so does the statis-
tical association between runoff and drainage
area size.

4. The established usefulness of the specific
runoff in categorizing runoff and precipita-
tion scaling laws for large rivers is significant.
It suggests that the “homogeneity” needed to
establish scaling laws is ensured by similarity
in the excess precipitation per unit area avail-
able to  generate runoff. This conclusion
takes further relevance given that it is sup-
ported by runoff-area data stemming from
large river basins encompassing the spectrum
of climatic and hydrologic conditions en-
countered worldwide.

The role of specific discharge in power scaling
of large-river runoff opens up a host of interest-
ing questions. Among them, one that deserves
further research is to what extent the scaling laws
determined in this article apply to all other riv-
ers. This would ascertain whether or not the role
of specific discharge is fundamental to runoff-
scaling. ■
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Stanley D. Brunn
University of Kentucky
A survey of 176 authors who published in the Annals between 1988 and 1993 provides insights into why authors
submitted their research to the journal, what support they received, and the impacts of the publication on their careers.
Most decided themselves to submit their work, and one-third received support from research grants; cartographic
assistance and graduate assistants were less important. The major benefits of publishing in the Annals were visibility in
one’s department, contact with other geographers, and requests for reprints. Most authors presented their ideas at
professional meetings prior to submission. Promotion and salary increases were benefits for women, assistant professors,
associate professors, and physical geographers. Authors considered their articles as original examinations that yielded
new results, contributed to theory, stimulated debate, and helped bridge gaps inside and outside of geography. These
results are useful in helping individual authors and for administrators in identifying the kinds of research support needed
by authors publishing in the Annals. Key Words: research support, impacts of publishing, voices of authors, career
planning.

How important to one’s professional career is
publishing an article in the Annals? What

are the benefits as seen by graduate students,
those seeking promotion and tenure, those hop-
ing for salary increases, and full professors? Are
there any differences in the impact of publica-
tion for women and men, and between physical
and human geographers?

These are among the questions that stimu-
lated this research. While most professional ge-
ographers would consider an article in the
Annals to be important in advancing their ca-
reers, we are less certain about how to measure
its importance. The questions above are of in-
terest not only to prospective authors and those
who are successful in publishing in the journal,
but to individuals and committees responsible
for assembling promotion and tenure files, those

providing salary increases, graduate assistants
seeking employment, and physical and human
geographers. The presentation is based on a
survey of authors who published in the Annals
from 1988 to 1993.

Articles exist in the literature that identify,
with rankings, what geographers consider major
journals (Lee and Evans 1984, 1985; Turner
1988; Wheeler 1990). The Annals ranks very
favorably (often the highest) in many of these
studies. We also have articles by former editors
providing advice to potential authors that dis-
cuss how to prepare manuscripts for publication,
the importance of good writing, the criteria used
by reviewers, and how to persevere in the midst
of difficult odds (Hanson 1988; De Souza 1988;
Brunn 1988; Kenzer 1989). And we have articles
that discuss the promotion and tenure processes
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