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PREFACE

The United States - People's Republic of China Bilateral Symposium on
Droughts and Arid-Region Hydrology was organized under the auspices
of the Protocol for Scientific and Technical Cooperation in the Study
of Surface-Water Hydrology, between the U.S. Geological Survey of the
Department of the Interior of the United States of America and the
Department of Hydrology of the Ministry of Water Resources of the
People's Republic of China. The objective of the symposium is to
provide a forum for exchange of scientific information on surface-
water hydrologic aspects of droughts and arid regions. Large
portions of both the United States and China have arid or semi-arid
climates or are subject to recurrent droughts; thus the subject of
the symposium is of practical importance as well as scientific
interest. The contributions to the symposium show that hydrologists
in both the United States and China have devoted much effort to the
study of droughts and arid-region hydrology, but in many cases have
approached their work from somewhat different points of view. This
symposium provides an opportunity for hydrologists from the two
countries to share these points of view and thus improve the breadth
as well as the depth of their understanding.

The contributions to the symposium were organized into the following
major categories:

o Characterization and Quantification of Droughts

o Characteristics of Arid-Region Hydrology

o Monitoring and Forecasting

o Frequency Analysis, Regionalization, and Stochastic Analysis

0 Water-Resource Modeling and Management

We would like to acknowledge the contributions made by the
Organizing Committee, consisting of M. E. Moss and R. D. Mac Nish
(U.S. Geological Survey), D. A. Woolhiser (U.S. Agricultural

Research Service), and B. Bartocha, M. Hughes, and R. A. Clark
(University of Arizona), and the keynote speaker, D. R. Dawdy.

W. H. Kirby
U.S. Geological Survey

W. Y. Tan
Nanjing Institute of Hydrology
and Water Resources
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DISCLAIMER

The U.S. Geological Survey agreed to publish the proceedings of the
United States - People's Republic of China Bilateral Symposium on
Droughts and Arid-Region Hydrology because the subject matter is
related to the mission of the Geological Survey. These proceedings
have been published in the Open-File series pending approval to
publish them as a Water-Supply Paper. The usual standards for this
series have been modified to accommodate the variety of styles used
by the participants in this symposium. The opinions and conclusions
expressed herein by non-Geological Survey authors do not necessarily
represent those of the U.S. Geological Survey. Any use of trade,
product, or firm names is for identification only and does not imply
endorsement by the U.S. Geological Survey.
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CONVERSION FACTORS AND ABBREVIATIONS

Multiply By T in
Length
inch 2.54 centimeter (cm)
foot (ft) 0.3048 neter (m)
mile (mi) 1.609 kilometer (km)
Area
square foot (£ft?) 0.09290 square meter (m?)
mu 1/6 acre (ac)
mu 667 square meter (m?)
acre (ac) 4,047 square meter m?)
acre (ac) 0.4047 hectare (ha)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 0.003785 cubic meter (md)
cubic foot (ft3) 0.02832 cubic meter (m3)
acre-foot (acre-ft) 1,233 cubic meter (m3)

Volume per unit time

cubic foot per second (££3/s) 0.02832 cubic meter per second (m3/s)
million gallon per day (mgd) 0.04381 cubic meter per second (m3/s)
Temperature

degree Celsius = (degree Fahrenheit - 32)/1.8

Sea Level: In this report, in reference to locations in the United States,
wsea level™ refers to the National Geodetic Vertical Datum of 1929 (NGVD of
1929)—-a geodetic datum derived from a general adjustment of the first-order
level nets of both the United States and Canada, formerly called Sea Level

Datum of 1929.




CHINESE CONTRIBUTIONS TO HYDROLOGIC DROUGHT STUDIES
Tan Weiyan and Hu Siyi
Nanjing Research Institute of Hydrology and Water Resources, Nanjing

ABSTRACT

This paper is a survey of the papers submitted to the PRC—US Bilateral Symposium on
Droughts and Arid—Region Hydrology in Tucson, Arizona, in September, 1991. Firstly, it
gives a brief description of basic features of hydrologic droughts in China, and the kinds of
data used in their studies.Then, the Chinese papers are grouped according to the topics in-
volved, including drought indices, stochastic models, hydrologic models, regional water—bal-
ance models, monitoring and forecasting of droughts and low flows,local intcnsc storms in ar-
id and semi—arid regions, water—quality problems, and impacts of human activities and strat-
egies towards droughts.

GENERAL DESCRIPTION OF HYDROLOGIC DROUGHT IN CHINA

In China the area of arid and semi—arid regions amounts to about half the 9.6 million
km2area for the whole country. Areas with an annual mean precipitation less than 250 mm
cover nearly three—fourths (about 3.6 million km?) of the total arca classificd as arid. Among
them, the Northwest—China arid region, situated in the hinterland of the Asia—Europe Con-
tinent and centered in eastern Xinjiang, is the largest one with an area of over 3 million
km2and mostly with an elevation of over 1000 m. It is surrounded by high mountains, and
some also stand in its interior. The mountainous areas, with mean annual precipitation of
over 600 mm, are classified as runoff—generation arecas. Downstream of the mountain fronts
are the runoff—diminishing areas, which have small patches of densely populated oases. The
non—flow areas of the interrupted rivers form several huge basins where extensive deserts and
gobis are distributed. As regards the semi—arid regions, farming, foresting and stockbreeding
areas are scattered there, taking the 400—mm contour of mean annual rainfall as a transition
between agricultural and pastoral areas. A distinctive semi—arid region is the famous Loess
Plateau with an area of 620,000 km?. Its basic topographic feature is that thick loess layers are
deeply cut and separated by river networks, resulting in high water losses, soil erosion and
very low groundwater elevation.

The chief features of drought in China are as follows:

(1) High frequency. In almost every year some arcas of the country experience drought.
Even in a humid region or in a wet year, the occurrence of drought in some places is still pos-
sible. Among the five chief meteorological calamities (drought, water—logging, freezing, ty-
phoon, dry—hot wind), drought is most frequently encountered.

(2) Regional variability. Drought occurs more frequently in North China than in South
China. The drainage basins of the Yellow River, the Huaihe River and the Haihe River suffer
the most serious agricultural droughts, whereas Northwest China is the driest area with the
poorest water resources. »

(3) Seasonality. Due to the effect of monsoon in spring, drought often occurs in the
North of China, while water—logging occurs in the South; in mid—summer the situation is re-




versed. In South and Southwest
China, drought often lasts from
autumn to winter or from winter
to spring.

(4) Persistency. A serious
drought often lasts from spring to
summer in the northern provinces,
or from summer to autumn in the
southern provinces. A widespread
multi—year drought is not a rarely
encountered event, as ten—year
drought—periods have been ob-
served for some rivers. Of course,
for a fixed location, dry and wet
conditions may possibly occur
alternately within the same year.

QINGHAI-TIBET
PLATEAU

UTILIZATION OF ALL POTENTIAL AND USEFUL DATA

In China, a hydrologic drought analysis makes use of data from the following sources:

(1) Modern hydrologic—meteorologic observations. If available, such observations pro-
vide a sound basis for the drought analysis; however, they commonly play a limited role due
to low density of gauging stations, nonuniformity of their distribution and shortage of
long—term records. China has only a few discharge records longer than about one hundred
years, and only a few rainfall records longer than about three hundred years. In regional ana-
lysis, the data available generally cover only 30 to 40 years.

(2) Field investigation. One aim is to col]cct small—scale, high—intensity storm data, cov-
ering an area usually smaller than 1000 km?, sometimes even under 100 km?. In addition,
China also organized ficld investigations into hlstonca] droughts and low flows, similarly to
the studies of historical floods.

(3) Historical literature and relics. Such information is used mainly for reconstructing
time series composed of qualitative grades of drought and water—logging, in order to under-
stand past fluctuations. The “ Yearly Charts of Dryness / Wetness in China for the Last
500—Year Period” (Chinese Academy of Meteorological Science, 1981), has provided system-
atic and very useful data.

(4) Meteorologic satellite data. These data can be used for estimating the area extent and
thickness of glaciers and accumulated snow, and yiclding further equivalent water volumes.
Satellite imagery can also be used to determine the distribution and variation of soil moisture,
and provide an indirect basis for estimating evapotranspiration.

(5) Tree—rting data. Research into tree rings has been carried out intermittently in China
since the 1930’s (Gong and others, 1983). Past research has been focused on reconstruction of
annual rainfall and runoff series, and on analysis of climatic variability and streamflow fluc-
tuation. Recently, the technique of dendroclimatology has been extensively utilized, and the
data obtained have been applied in the design of water projects and the prediction of
long—term droughts.

DROUGHT INDICES

For distinguishing arid and semi—arid regions from humid and semi—humid ones,the fol-



lowing indices are commonly used in the Chinese hydrologic practice:(1) mean annual
rainfall=400 mm; (2) mean annual relative humidity = 60%; (3) degree of aridity (ratio of
annual evapotranspiration capacity to annual rainfall) = 1.5; (4) aridity index (ratio of annual
evaporation capacity from water surfaces to annual rainfall) = 3; (5) annual runoff coefficient
(ratio of annual runoff to annual rainfali)=0.1.

In order to describe the degree of drought severity at a locatlon (or region) in a period,
the chief indices used are: (1) the absolute (or relative) deviation of annual (or monthly) rain-
fall (or runoff) from its mean value, sometimes expressed as a ratio to its standard deviation;
(2) its frequency of occurence. Moreover, many other indices appropriate for regional or agri-
cultural drought analyses have been proposed. These indices are mainly based on the law of
soil-moisture content variability and incorporate some other factors such as groundwater
level and crop water demand. Experience shows that these kinds of indices are valuable for re-
flecting agricultural droughts in a region. One of them requires that the ratio of soil moisture
to field moisture capacity should be smaller than 60%. An agricultural drought index which
has been used widely in North China is used in a drought analysis for the Loess Platcau re-
gion in the Shanxi and Shaanxi provinces (Guan and others, 1991).

STOCHASTIC MODELS

At present, statistical methods are still the chief means of drought analysis and low—flow
computation. To improve the accuracy of the results, a key lies in the acquisition of reliable
data which is as long as possible. In a paper (Wang, S. W., and others, 1991), a time series
taken from the aforementioned Atlas has been cxtended to about six hundred ycars.

To determine a return period for the successive droughts between 1922 and 1932 over the
upper or middle Yellow River basin, Wang Weidi and others and Shi Fucheng and others
constructed - annual—runoff stochastic models and generated synthesized series with the
Monte—Carlo method (Wang and others, 1991, and Shi and others, 1991), which are utilized
for estimating the return period. The conclusion was also verified through a field investigation
in 1964 into historical droughts and low flows, and by using an abundance of quotations from
historical literature. Based on the relations between the natural runoff, dryness and wetness
grades, and three groups of tree—ring indices, Ma Xiufeng and others reconstructed a runoff
record for the middle reach of the Yellow River between Lanzhou and Sanmenxia dating
back to 1749 (Ma and others, 1991).

To determine reliably the time—space variability of droughts and low streamflows, be-
sides fully utilizing various information sources about droughts and low flows, it is also re-
quired to use random models correctly. The classical corrclation analysis, and the modern
time series analysis (including power spectrum analysis and various auto—regressive models),
as well as the synthetic generation of hydrologic series with the Monte—Carlo method,
etc.,have found applications in the above—mentioned papers and also in some others (Li and
others, 1991, and Yang and others, 1991),

A special problem, peculiar to the low—flow frequency analysis, arises from the mc]usmn
of several zero—values in the sample series, on which Wang Shanxu has made some discus-
sions (Wang, S. X., 1991).

HYDROLOGIC MODELS

Several conceptual hydrologic models which are popular in the estimation of floods
based on rainfall, have recently been used to simulate daily discharge proccsses in some rivers.
To do this, some links in the procedure should be morc or less modificd and supplemented, so
that they are applicable to arid regions. For instance, the replenishment of melted glaciers and
snow, and the effect of frozen ground should be incorporated in the modcls.




REGIONAL WATER-BALANCE MODELS

These models express how rainfall can be transformed into water resources, and also des-
cribe the balance and interactions between surface water, groundwater and soil water. In
China, models of transformations among “three types of water” have been widely established
for various regions and subregions. Liu Fengjing and others constructed a general—purpose
model for the simulation of the transformations between different components of water re-
sources for the Northwest—China arid region (Liu and others, 1991).

The variation of soil moisture in an arid region plays an important role in transforming
the rainfall into water resources. So it is necessary to strengthenthe research into non—gravity
water in an unsaturated soil layer, especially for the Loess Plateau, where the groundwater
level is very low, and where the soil layer within one meter from the ground surface is actually
the most active zone for the storage and movement of soil moisture. Li Baoguo derived an
equation for the balance of distributive soil moisture, in order to estimate its regional storage
(L1, B. G.,1991).

The estimation of evapotranspiration for the threc components of water is another key
problem. In the central arca of the Northwest—China arid region, mean annual rainfall is un-
der 100 mm, the mean annual number of rainy days is less than 10, and mean relative humidi-
ty is only about 30%, whereas annual evaporation from water surfaces may be 2000 mm or
more. Zhang Guowei and others modified the Penman evaporation formula so as to be ap-
plied to the Xinjiang arid region (Zhang, G. W., and others, 1991). Morcover, by an analysis
of the observed data from several groundwater experimental stations, they obtained evapora-
tion coefficients for groundwater at various depths and in different types of soil layers. But
evaporation from the land surface has been only rather crudely estimated up to now.

In the runoff—diminishing regions of inland river basins, the runoff suffers from large
losses due to infiltration into streambed and diversions for irrigation uses. Where the ground
surface slope becomes gentler, the groundwater sometimes appears above the ground again in
the form of springs. Such a process of transformation between surface water and groundwater
may repeat itself scveral times. In the estimation of water resources, the overlapped amount
should be subtracted. Zhou Yuchuo and others give a water—balance analysis for the Urumaqi
River, which is typical of that region (Zhou, Y. C., and others, 1991).

As regards the melting glaciers and accumulated snow over high mountains, Chen Qian
and others estimated thc seasonal amount of snow accumulated over the top of the Qilian
Mountains using satellite remote—sensing data (Chen, Q., and others, 1991).

MONITORING AND FORECASTING OF DROUGHTS AND LOW FLOWS

Drought forecasts must be made on the basis of long—term weather forecasts. The chicf
methods used nowadays need to recognize precedent meteorologic factors and to establish
correlations between them and the future rainfall (or runoff). Unfortunately, the accuracy is
rather unsatisfactory. So Chinese hydrologic services often predict the variation of soil mois-
ture with some hydrologic methods, according to the observed rainfall, soil moisture and its
depletion curve, and then make drought forecasts by references to the weather forecast and
field soil-moisture investigation. Li Baoguo established a storage model for forecasting re-
gional soil-moisture storages by using GIS techniques, with which it is possible to draw re-
gional drought maps according to the requirements of crops on the soil-moisture (Li, B. G,
1991).

Low—flow forecast is often based on the observed depletion process of river discharge,
and has a sound physical basis. Yang Baiyin and others present several alternatives of
low—flow forecasts for the Longyang—Creek Hydropower Station with success (Yang and



others, 1991). A brief introduction to various methods used in the drought and low—flow fore-
casts by the Hydrologic Water Resources Management Center can be found in Zhang Fuyi’s
paper (Zhang, F. Y., 1991).

A SPECIAL PROBLEM DUE TO LOCAL STORMS

In arid and semi—arid regions, it is possible that highly convective storms occur in sum-
mer, with the characteristics of low frequency, short duration and small coverage area. But
these events often cannot be observed at sparsely distributed stations. Since the first field rain-
fall investigation was made in 1959, several storm events that exceed the highest records in the
southern humid regions have been discovered, including a few short—duration point—rainfall
estimates that are close to or even beyond the world records. Wang Jiaqi summarized an
abundance of relevant data and some characteristics of this type of storm (Wang, J. Q.,1991).

WATER—QUALITY PROBLEMS FOR RIVERS AND LAKES

Water—quality problems makc the shortage of water resources more sensitive in arid and
semi—arid regions. Hao Yuling analyzed the water—quality conditions for the major rivers in
the Xinjiang autonomous region (Hao, 1991), and pointed out that control of water quality in
the dry season is crucial to improving the water—quality condition for the whole year. Wei
Zhangyi analyzed both vertical and seasonal variations of the chemical characteristics of sur-
face water in the Tarim Basin (Wei, 1991). Moreover, the salinization of Lake Bosteng (the
largest inland fresh—water lake in China) during the past thirty years, has resulted first from
the pollution due to large—scale drainages from cultivated areas, and sccond from the increase
of irrigated water.

IMPACTS OF HUMAN ACTIVITIES AND STRATEGIES TOWARDS DROUGHTS

Since 1949 the problem of water shortage in arid and semi—arid regions has been be-
coming more pronounced due to large—scale ecconomic development activitics. In some papers
(Li, S. K., 1991, Feng, 1991, Chen, Z. Z., 1991, and Zhou, T. X., and others, 1991), the authors
describe the natural laws of drought and the effects of water resources utilization on water
balances and the environment, for some of the northern provinces in China, respectively.
They also suggested stratcgics to lessen the effects of droughts, which can be summarized as
follows:

(1) cultivating grasscs and trces and adjusting thc compositions of crops, so as to im-
prove the ecologic environment;

(2) reforming the farming systems and improving the soil so as to raisc its water—holding
capacity;

(3) drawing up unified planning and management for comprehensive water resources
utilization over a whole river basin, so as to protect the ecologic environment;

(4) saving on irrigated water and decreasing infiltration losses, so as to increase its cffec-
tive uses;

(5) regulating both surface and groundwater and promoting their transformations, so as
to intensify the repeated uses of water;

(6) strengthening real—time monitoring of droughts and predicting their cvolution;

(7) controlling pollution and remedying the water—quality problcms in situ,so as to raisc
the availability of water resources.

Zhang Shifa emphasized that it is neccssary to analyze thc historical cvolution of
droughts, and pay great attention to the research of it (Zhang, S. F., and others, 1991). They




introduces the applications of simulation models as tools in water—supply planning.

CONCLUDING REMARKS

As reported in this symposium, we have made some valuable progress in the knowledge
of cause and effect and of temporal—spatial variabilitics of hydrologic droughts, and in the
techniques of their prediction. However, much still remains unknown to be further explored
and studied. Due to the rapid growth of the world population and economic developments,
and the deterioration of natural environment caused by mankind himself, drought damages
would become even more severe.

China and the US are two nations which are similar in many aspects of physiographic
and hydrological conditions. Through scientific exchanges and cooperation between the
hydrologists of the two countries, the upper hands both in a long—standing history of
drought—fighting and in advanced sciences and technologies can be combined together, so
that our understandings on hydrologic droughts can be deecpened and raised to a new high
level.
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U.S. CONTRIBUTIONS TO STUDIES OF DROUGHTS AND
ARID-REGION HYDROLOGY

W. Kirby

U.S. Geological Survey, Reston, Virginia

ABSTRACT

An overview is given of U.S. contributions to the study of droughts and arid-
region hydrology. Twenty-four U.S. papers were presented at this symposium.
The topics covered included characterization of drought magnitude and fre-
quency, frequency analysis of low flows at gaged and ungaged sites, stochas-
tic time-series and event-based analyses of low flows and droughts, hydro-
logic processes in arid regions, use of remotely-sensed and ground-based data
in evapotranspiration measurement, reservoir design, water-use determina-
tions, and hydrologic water-balance modeling. The symposium was a valuable
forum for exchange of ideas, and will serve as a basis for further progress in
the study of droughts and arid-region hydrology.

INTRODUCTION

In broad qualitative terms, drought and aridity both are commonly recognized
as conditions of scarcity of water. Drought is generally recognized as an
extended period during which the supply of water is significantly less than
normal. Aridity is a relatively permanent condition of scarcity relative to
an absolute or global average level of water availability.

For purposes of water management or administration, more specific definitions
or criteria might be needed. The details of these definitions can depend on
actual or planned normal modes of water use, and on community activities that
might be affected by water shortage. Four broad categories of drought are
generally recognized: meteorological, agricultural, hydrologic, and socio-
economic. Meteorological drought refers solely to shortage of precipitation,
agricultural drought to shortage of soil moisture, and hydrologic drought to
shortage of surface-water and ground-water supplies and storage levels.
Socioeconomic drought refers to water shortages that have adverse effects on
human affairs, without regard to their hydrometeorological nature.

Water has been called the elixir of life. Because of water's central role in
human 1ife and society, shortages in water supply have far-reaching social and
economic repercussions. These range from interference with water-based re-
creation and river navigation to disruption of industrial and agricultural
production, and, in extreme cases, even to forced migration and famine. Many
of the most effective means for alleviating the socioeconomic effects of
drought are technological, administrative, legal, and political measures to




improve the efficiency of use of the limited water supply that is available
(National Research Council, 1986; Grigg and Vlachos, 1988).

Information on drought hydrology is important for drought mitigation planning
even though the actual remedial measures might not deal with explicitly hydro-
logic issues. Drought magnitude and frequency information are needed for
long-range planning. Monitoring and forecasts are needed for administration
and operation of facilities. Fundamental studies also are needed to identify
the relevant hydrologic variables for describing drought magnitude and for
elucidating the hydrometeorological processes that control the onset, evolu-
tion, and cessation of drought. Finally, mathematical models and case studies
are needed to provide techniques and guidance for practical application.

This paper presents a general overview of the U.S. contributions to this sym-
posium, with emphasis on how the contributions relate to needs for drought
information. For convenience of reference, the U.S. contributions are refer-
red to by authors' names only; the contributions themselves are contained in
this volume and can be found by reference to the table of contents.

CHARACTERIZATION OF DROUGHT MAGNITUDE

Quantification and statistical summarization of droughts is difficult because
of their multidimensional character. To obtain a measure of drought magni-
tude, it is necessary to identify and integrate measures of water availabil-
ity, water demand, temporal duration, and spatial extent. The frequency of
recurrence of droughts of a particular magnitude is defined by the joint
probability distribution of these variables.

A major challenge is the integration of time-series data at numerous gages in
a region to obtain a coherent spatial representation of the data. R.W. Paul-
son and his colleagues describe how the U.S. Geological Survey (USGS), in its
National Water Summary 1988-1989 (NWS88-89), has assembled, analyzed, and
presented streamflow data to depict the magnitude and frequency of historical
droughts (and floods) throughout the U.S. NWS88-89 is intended for use by the
non-technical public, political leaders, and policy makers. G.E. Willeke and
his colleagues describe an interagency effort led by the U.S. Army Corps of
Engineers to develop a drought atlas showing regional variations of frequency
distributions of several measures of drought magnitude, including precipita-
tion and soil moisture (Palmer drought severity index) as well as stream flow.
The atlas will contain more detailed statistical information than the NWS88-89
and is directed at a more technical audience of engineers, planners, and
administrators.

CHARACTERISTICS OF ARID-REGION HYDROLOGY

A chief characteristic of arid-region hydrology is the extreme variability of
rainfall and runoff in both time and space. Many arid-region streams are dry
except when floods occur. The floods commonly disappear after flowing for a

short distance because the water infiltrates into the alluvial stream beds;
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this infiltration is a major mechanism for replenishment of the ground water.
H.W. Hjalmarson describes the temporal and spatial patterns of flood
occurrence in arid regions. He also shows that methods of flood frequency
analysis developed in humid environments are not appropriate for use in arid
regions. H.J. Morel-Seytoux and his colleagues analyze aquifer recharge
processes that govern the exchange of water between surface runoff and ground
water; this information is valuable for planning the conjunctive use of
surface water and ground water. R.H. Hawkins and his colleagues describe
rainfall and soil-erosion processes in arid regions and describe the use of an
erosion-simulation model for estimating potential effects of changes in
precipitation regimes on erosion.

A. Pupacko presents a case study of evaluating the variability of streamflows
of the snowmelt-fed Carson River. The study illustrates the variety of
streamflow characteristics that are subject to change, whether from possible
climate changes or from normal statistical variability. R.S. Parker analyzes
streamflow variability in the Gunnison River basin by correlating annual flow
with the water content of the snow pack in order to evaluate the probability
of drought in any year.

A continuing challenge to hydrologists and climatologists is the determination
of evaporation from natural land surfaces and vegetation. Measurement of the
relevant variables is difficult in the field and the heterogeneity of natural
environment makes it difficult to integrate point measurements for determina-
tion of areal totals. Nonetheless, information on areal evaporation is impor-
tant for defining water balances, assessing water resources, and modeling of
ground water, surface water, and climate. A.M. Sturrock and W.D. Nichols
compared three types of vapor-pressure sensors in field trials. They found
close agreement among the sensors and concluded that low-cost units merited
further evaluation for use at remote field sites. W.D. Nichols presents
energy budget measurements of evapotranspiration (latent heat flux) and shows
that they can be estimated by correlating them with measurements of net
radiation, soil heat flux, and calendar date.

Evaporation measurement by energy budget methods offers the prospect of using
remote sensing for operational monitoring of evaporation on an areal or re-
gional basis. M.S. Moran and R.D. Jackson show how spectral data from satel-
lite-based sensors can be used (in conjunction with calibrations developed
from ground-based data) to evaluate all terms of the energy budget.

P.W. Brown and S.J. Owen-Joyce investigate the effects of data acquisition
rate and location of ground-based instruments on evaporation measurements made
by conjunctive use of remotely-sensed and ground-based data.

Water-quality problems associated with irrigated agriculture have become a
major focus of public concern and hydrologic study. H.R. Feltz presents an
overview of a program of studies of irrigation-induced water-quality problems
being conducted by the USGS and other agencies in the U.S. Department of the
Interior. R.A. Engberg presents results from these studies for the concen-
tration and distribution of selenium, which is one of the principal elements
of concern, in the western United States.
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FREQUENCY ANALYSIS OF LOW FLOWS

For many applications in engineering planning, design, and regulation, it is
necessary to know frequency distributions of annual minimum flows. For ex-
ample, the annual minimum 7-day-mean flow with 10 percent annual chance of
non-exceedance is a widely-used basis for regulating the discharge of waste-
waters to streams. Other low-flow characteristic discharges having different
averaging periods and probabilities might be of interest for other
applications.

Although it is straightforward to estimate low-flow characteristics from
continuous records of streamflow, such records are not available at many sites
where low-flow characteristics are needed. W.0. Thomas, Jr., and J.R. Stedin-
ger describe procedures for estimating frequency distributions of low flows
using correlations between base-flow measurements at ungaged sites and
continuous records at index sites. G.D. Tasker describes procedures for cor-
relating streamflow characteristics with drainage basin characteristics to
obtain regional estimating equations for use at sites where no streamflow data
are available.

STOCHASTIC ANALYSIS OF LOW FLOWS AND DROUGHTS

Annual low flows and droughts are extreme events in the continuous time series
of streamflow. The intensity, duration, and spatial extent of these extremes
are controlled by the nature and strength of serial and cross correlations in
the streamflow stochastic process. J.D. Salas and M.W. Abdeimohsen present
mathematical time-series models that not only reproduce monthly and annual
streamflow statistics without use of disaggregation but also reproduce ob-
served drought duration and magnitude statistics. W.L. Lane describes the
application of a multi-site autoregressive disaggregation time series model to
simulate streamflows in a major water storage and transbasin diversion pro-
ject. V.L. Lopes and his colleagues present an event-based model of rain
storm occurrence and use it to derive statistics of summer-season droughts in
the U.S. southwestern desert.

The limited length of instrumental records of streamflow and precipitation is
an impediment to statistical analysis of droughts, and especially of multi-
year droughts. D.M. Meko explains how tree growth rings have been used to
reconstruct regional drought history in the U.S. southwest for a period ex-
tending back to A.D. 1600 and shows that this long record is needed for proper
understanding of drought variability.

MODELING AND MANAGEMENT

Measures for alleviating the effects of droughts include both the use of
reservoirs to store water for use during droughts and the planning of water
deliveries to avoid over-commitment of limited water supplies. E.L. Johns
describes the procedures used by the U.S. Bureau of Reclamation to determine
optimum reservoir storage capacity; this determination involves consideration
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of the water-supply quantity and variability, water Tosses, and costs of water
shortages, as well as construction costs. C.R. Phillips describes the Bureau
of Reclamation's procedures for determining the quantities of water that can
be reliably delivered from reservoirs of a given size. R.A. Herbert and

D.W. Litke present water-use data that show how municipal and domestic water
use varies in response to drought conditions and the imposition of water-use
restrictions and conservation measures.

Hydrologic drought results from an interplay of factors including precipi-
tation, evapotranspiration, and ground-water and surface-water flows and
storages. Comprehensive hydrologic models provide a valuable framework for
integrating all available information about the various factors affecting
drought flows. G.D. Tasker presents a monthly water-balance model that uses
precipitation and temperature data to estimate evapotranspiration, streamflow,
and storage changes; effects of present or possible future regulation and
diversion patterns can be simulated. E.B. Yates presents a comprehensive case
study of droughts in a stream-aquifer system, using a ground-water flow model
that included soil-moisture-accounting and streamflow-routing algorithms;
tree-ring records were used to supplement rainfall and streamflow data for
estimation of drought frequencies.

CONCLUSIONS

From the foregoing summary of U.S. contributions to this symposium, it is
clear that considerable interest and effort is being directed at drought and
arid-region hydrology in the U.S. Nonetheless, much remains to be done. The
fundamental problems that remain include: representation of the multidimen-
sional frequency distribution of drought intensity, duration, and spatial
extent; identification and elucidation of the hydrometeorological processes
that govern drought onset, evolution, and termination; estimation of Tow-flow
characteristics at ungaged sites; and aggregation and disaggregation of data
at point-measurement and various regional scales. A better understanding of
the interconnections of all components of the hydrologic cycle still is
needed.

This symposium provides a valuable opportunity for U.S. and Chinese
hydrologists to share their unique perspectives on the study of droughts and
arid-region hydrology. It is hoped that hydrologists in both countries will
gain a broader and deeper understanding as the result of this exposure.
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TOPIC A

CHARACTERIZATION AND QUANTIFICATION OF DROUGHTS




A DISCUSSION ON DROUGHT IN ARID REGIONS OF CHINA

Li Shikui

Academy of Meteorological Science,
State Meteorological Administration, Beijing, China

ABSTRACT

Focusing on analyzing the generation law of drought in arid regions of China,
the paper comprises the following parts: the influences of drought on agriculture in
arid regions, the relations between the generation of drought climates and geographic
positions, the classification and evaluation of humid climatic situations in the
northern arid regions of China, and some suggestions on the strategy to lessen the
effects of drought.

INTRODUCTION

large arid and semi-arid regions make up half of the territory of China; the semi-
arid regions make up approximately 20 percent and the arid regions, where annual
precipitation is under 250 mm, approximately 30 percent. The northern semi-arid
regions of China are used for agriculture, animal husbandry and forestry, and are
significant construction base areas of the three Norths Shelter-Belt (in the western
part of Northeast China, North China, and Northwest China). Rain-supplied
agriculture is the most common practice in semi-arid regions. The ecosystems of
grasslands in arid regions depend entirely on sparse precipitation, and are
relatively unstable. The effects of droughts in the steppes of China’s arid regions
are intensified due to desertification as a result of overcropping, overpasturing,
and overcutting trees; most of the steppe’s grasslands have deteriorated seriously.
Their grass output is low and grass quality is poor; stock capacity and animal
productivity are lower than those of many other countries. During the last 30 years
the average annual drought-ridden area of China covered 294 million mu(l mu=1/15ha.),
equal to 19.2 percent of its arable area, and the disaster-ridden area was 100
million mu. From 1950 to 1983, there were 8 cases when the drought-ridden area
exceeded 400 million mu,and the relatively serious droughts occurred within a span of
12 years.

CAUSES OF ARID CLIMATE

Drought is a natural climatic phenomenon. The arid, semi-arid regions, and desert
zones of most of the world are usually located in central areas and western
seashores of the continents, 1lying in subtropical high pressure belts and trade-wind
belts, where the existence of subtropical high pressure is an essential and direct
cause of the drought and rare rainfall. But the arid regions and desert zones of
China are different from the above cases. They are located in westerly belts of the
middle latitudes. The influence of the Qing-Zang Plateau plays an important role in
the causes of the extremely arid climate and the desert in the northern part of the
Plateau.

Two different types of mechanism of short-term climatic variation exist in arid
regions. The first is global, such as the influence of oceans’ variation upon the
atmosphere. In recent years, a large number of studies in China and other countries
on the El-Nino phenomenon and the Southern Oscillation have shown that these
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phenomena have an important influence on short-term climatic variation , although
not all relevant phenomena can be explained yet. The second is a feedback mechanism.
It mainly includes: (1) humidity and evapo-transpiration and (2) surface albedo. The
studies, postulating that changes in surface characteristics may influence the
climate, have shown that the feedback effects of soil moisture, evapo-transpiration
and surface albedo cannot be ignored.

REGULARITIES OF THE OCCURENCE OF DROUGHT CALAMITIES

China is a country well known for its monsoon climate; thus its droughts not only
occur frequently, but also cover vast areas. Drought is one of the main natural
calamities affecting agricultural production of our country. According to the
rainfall records found in many historial documents and measurements taken in Beijing
over 256 years(1726-1981), the five-year average variation of precipitation had its
dry and wet spells: there was a relatively dry spell from 1728 to 1778; yet 1779-1810
and 1868-1896 were relatively wet spells. The past 500 years in eastern China can be
divided into three ages. From 1479 to 1691 the drought frequency was high, and the
gravest droughts occurred 10 times. From 1692 to 1890 the droughts took place less
often, the gravest droughts occurring only 4 times. Since 1891 droughts have occurred
more frequently again. Within each age there were series of wet-dry variation with a
time scale of 10-20 years. During these dry spells droughts occurred more frequently.
According to relevant statistical data, droughts in China took place 1056 times from
206 B.C. to 1949 A.D.. According to the historical data of the last 500 years and the
rainfall records oforecent times, theoscr}ous droughts in China }ook place 26 times
in latitudes 25°-30°N, 34 times in 30°-35 N, 58 tines in 35°-40°N, and successive
droughts were not rare. The drought situation of northern China in the last four
centuries is shown in Table 1.

Table 1.-- Numbers of drought years in recent
centuries in provinces of North China.

Year Hebei  Henan Shandong Shanxi
1501-1600 72 63 T4 47
1601-1700 89 84 67 67
1701-1800 70 63 74 52
1801-1900 79 60 91 69

The water deficiency of the northern arid regions of the China has remarkable
regional characteristics.According to the moisture status,the regions are divided
into three types. The semihumid region is mainly distributed in the middle-south of
North China and in the middle of the Songhua River and Nen River Plains of Northeast
China; the semiarid region is mainly distributed in the north of North China and in
the west of Northeast China; the arid region is mainly distributed in the inland of
Northwest China. Agricultural management mode of the regions is mainly dependent upon
the water deficiency level. Classification of the arid regions in accordance with the
humidity condition is shown in table 2 and Figure 1.
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Table 2.-- Classification and Assessment
of Humidity Condition in North-

ern Arid Regions of China. 7 3

Aridity ol

conditions Arid Semiarid

Humidity <0.3 0.3-0.86
_________________________________________ 30

Annual

precipitation

(mm) <250 250_400 800 km

Water - . é
deficiency hed

(mm) 600-1200 300-600 Explanation

Effects no irrigation yield is un- 21 Hyperarid m Arid % Semiarid
on agri- means no stable if

culture agriculture no irrigation Figure 1.--Distribution of Arid Regions

————————————————————————————————————————— in China.

The areas of Northwest China of annual precipitation under 250 mm are often in a
drought state all the year round. Their precipitation can only meet the existence of
extraordinary drought-resistent plants and their fresh grass yield per mu is only 10-
50kg. Most plants are in a state to maintain their lives and barely have growth
quantity if they have met a drought year. The farmlands of these areas have a poor
productivity. Most parts of the areas are located in the Gobi Desert of strong sandy
wind and grave wind erosion.

"0asis Farming Areas" in Northwest China

The areas of this type have a long farming history. Everywhere has been cultivated
as farmland if it has water resources. These lands have become motley oases and have
formed a unique ecological system of oasis agriculture in the arid region. The water
resources for irrigation are stable because the quantity of snow melt 1is dependent
upon temperature; thus the droughts are lighter in these areas. For example, Houtao
area of Inner Mongolia, Yinchuan of Ningxia Autonomous Region, Hexi Corridor of Gansu
Province, Shihezi of Xinjiang Autonomous Region, and so on, are important bases to
produce grain,crops and economic plants.The key problem there is secondary
salinzation of soil, which is common and severe as a result of the dry climate and
intense evaporation. Based upon the supply quantity of water resources the oasis
agriculture should be rationally developed with intensive management in order to
increase the water utilization efficiency and prevent the secondary salinization of
soil.

¥Windy and Semiarid Region in the West Northeast China
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This region mainly includes the areas of the middle and lower reaches of the Nong
River, Baicheng Prefecture of Jilin Province, Chaoyang and Fuxin Prefectures of
Liaoning Province, Shelimu and Zhaowuda Prefectures of Inner Mongolia, the piedmont
hills and plains of Xingan and Hulunbeier Prefectures of Inner Mongolia. The region
is located in a belt of remarkably weakened southeastern monsoon. The annual
precipitation of most of the areas in the region is under 400mm. In this region the
spring droughts are serious, mainly because of sparse spring rainfall, bad state of
soil moisture before sowing or planting, strong spring wind, and quick loss of soil
moisture of soil surface after thawing so that the dry layer of soil is ceaselessly
deepened. During spring sowing in grave drought years, the thickness of dry soil is
often above 10cm, sometimes above 40cm. The moisture content of the dry layer of
light loam would often attain to wilting humidity, and the dry layer would remarkably
be deepened, which can gravely affect the turning green of forage grass, sowing, and
emergence of seedlings. For white ustalf and sandy soil, because the duration of soil
dampness is very short, the spring sowing often can’t be completed in the period of
melting snow, and mostly must rely on dribbling with a little water or the coming of
rainfall. For sandy castanozem, the depth of its dry layer in spring often exceeds 15
cm, and even exceeds 17 cm in extraordinary drought years, so that destruction of
seeds by wind often occurs. In late spring, the soil moisture is lost quickly, and
strengthens soil drought. The period to get rid of drought due to too deep dry layer
is about June 10 to July 10, by rain.

In the west of Northeast China,the frequency of severe spring drought is about 20-30
percent. In the same region the frequency of summer drought is about 20-40 percent;
the frequency of successive spring-summer drought is about 20-40 percent.

Semiarid Region in the Middle-South of Inner Mongolia and North of the Loess Plateau

This region includes the south of Xilinguole League and the middle-south of
Wulanchabu League of Inner Mongolia, Bashang Prefecture in the north of Hebei
Province, the north of Shanxi and Shaanxi province, the south of Ningxia Region and
the center of Gansu province. This region of annual precipitation 300-450mm is
located in a transitional zone from agriculture to animal husbandry. According to
historical data about the droughts and floods of the last 500 years, droughts
occurred 102 times in 1468-1973 in Ningxia; on an average, one serious drought in
every 5 years, among which successive drought years occurred 26 times, the longest
lasting 4-5 yeras.

The localities menaced by serious droughts in Gansu province include 18 counties in
its middle part, in a south-to-north zone of relatively sparse rainfall. In most of
these counties the precipitation is about 400mm, and the precipitation variability is
high.

Semihumid Region Liable to Drought in the Middle-North of the North China Plain

This region mainly includes the center of Hebei province, the northwest of Shandong
province and parts of the counties and cities in the northwest of Henan province. In
most of these regions the precipitation is about 500-600mm and concentrated in July
and August; the precipitation variability is high, the soil fertility is poor, and
the soil alkali-salinization is severe. In the center and northwest of Hebei province
there are 8-9 spring-drought years in every 10, among which 5-6 have serious spring
droughts. The so-called "dog days" drought is centered mainly in the basins of the
Sanggan and Yang Rivers, where the drought frequency is 40-55 percent. The center of
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the fall drought is mainly Hengshui prefecture, where the drought frequency is 40
percent. The Hai River basin is a drought center of the Huang- Huai-Hai Plain. The
successive drought years are 63 percent of all drought years in the basin of Hai
River.

In Shandong province, spring droughts are dominant. The northwestern and northern
seasides of Shandong province are areas with serious spring droughts and early summer
droughts, where the spring rainfall does not attain to 80 mm, the number of
successive rainless days may attain to 60-80, and the dry hot wind in early summer
often intensifies the drought situation. In the hill areas of northern and western
Henan province, the probability of drought in the jointing and earing stages of wheat
is 3-6 times in every 10 years.

MEASURES TO MITIGATE DROUGHT

Planting Grass and Trees to Improve Ecological Environment

The areas of northern China having precipitation of abeut 400 mm are marginally
suitable for planting crops and trees. If trees are no irrigation and ground water
resources, then most of the poplars planted on large scale would become "dwarfing
trees". Thus, in the arid regions the afforestation mainly should be with grass and
shrubs. But in some places with good watery condition, some trees may be planted. On
arid mountain slopes, drought-resistant shrubs may be planted. In areas of
precipitation of about 500 mm, combinations of grass, shrubs and trees or
combinations of shrubs and trees may be used.

Building Water Conservancy Projects, and Capital Improvements of Farmland

In areas with favorable conditions, building large-, medium- and small-sized water
conservancy projects and gradually enhancing the irrigation level can partially or
entirely solve the problem of seasonal drought due to seasonal unbalanced
distribution of rainfall. On the dry farmlands, leveling fields, building terraces,
ameliorating soil, and enhancing water-holding capacity of soil also can preserve of
the rainy-season precipitation for use in the next spring. According to the
measurements of the Water conservancy Institute of the Chinese Academy of Sciences,
the water-holding capacity of a meter of loess soil, correctly ameliorated and
fertilized, can attain to 200-300 mm. In addition, the fertilized soil can improve
the development of the root system, enhance "the ability of roots to seek water" and
fulfil "the function of fertilizer to regulate water".

Using Effective Measures of Drought-Relief and Soil Moisture Preservation

The measures of drought-relief and soil moisture preservation are the core of dry-
land farming. The methods for sowing seeds and effectively using spring soil moisture
against drought are as follows: to begin sowing at just the rigt time in order to use
the existent soil moisture; to roll on soil surface after sowing in order to conduct
the subsoil moisture upward toward the seeds; to sow seeds moderately deeper into
soil in order to preserve soil moisture for sprouting; to pour a little water into
the soil around seeds in order to give enough soil moisture for sprouting. In China
the traditional farming techniques for preserving soil moisture are deep ploughing,
harrowing, milling, rolling, and tilling.
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Economizing Irrigation Water and Increasing Water Utilization Efficiency

The essential measures of economizing water resources are as follows: to promote
sprinkler, drop, and percolation irrigation techniques; to take good measures of
canal seepage control; to master the water requirement law of crops in order to
irrigate more rationally. As some experiences have pointed out, if it grasps the key
periods to irrigate winter wheat in North China. then water can be saved and the
economical benefits can be raised. Taking some drought-resistant measures, for
instance, using covers of plastic film to reduce the evaporation from soil surface,
can greatly raise the water utilization efficiency. According to relevant data, the
dry matters produced with 1 ton of water can be only 0.2 kg in the extensive farming,
but 0.7-1.2 kg in the intensive farming and 2.4-2.8 kg in the test fields of good
conditions. Thus there 1is a big potential to raise the utilization efficiency of
water resources.

Expanding the Area of Drought-Resistant Crops and Regulating the Proportion of Summer

In the technique system of dry farming, with drought prevention as its core, one
selects the drought-resistant crops of stable and high yield, such as kaoliang,
foxtail millet, broom corn millet, etc., which need little water for their
germination, can be sowed against spring drought, and can quickly restore their
growth when they have met rain after undergoing a long drought in the seeding period.
The features of precipitation in North China are dry in spring and rainy in summer,
which are beneficial to fall crops and unfavorable to summer crops. Hence it would be
beneficial to increase the proportion of late fall crops.
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THE 1988-89 NATIONAL WATER SUMMARY—
A SUMMARY OF FLOODS AND DROUGHTS IN THE UNITED STATES

Richard W. Paulson'
Edith B. Chase!
John S. Williams?®
Robert S. Roberts?

ABSTRACT

The U.S. Geological Survey’s National Water Summary series of reports describes the conditions and
characteristics of the Nation’s water resources. The latest report—the sixth in the series—is entitled
“National Water Summary 1988-89—Hydrologic Events and Floods and Droughts” and focuses on the
natural occurrence of floods and droughts as defined from an analysis of stream-discharge data. In
addition to summaries of the hydrologic events for water years 1988 and 1989 and articles on the scien-
tific and institutional aspects of floods and droughts, the report contains State-by-State summaries of the
most memorable floods and droughts of record. The State summaries show the areal extent and give
estimates of the recurrence intervals of these extreme hydrologic events.

INTRODUCTION

The National Water Summary (NWS) series of reports presents information about the Nation’s water re-
sources in a nontechnical format. The series is intended for Federal, State, and local officials, and mem-
bers of the public who have a need to know about the status of water resources, but are not necessarily
scientists or engineers. Each report presents information primarily on one aspect or theme of water
resources and, by means of standardized text and illustrations, allow a comparison of water-resources
conditions across the Nation. Additionally, each report presents information on the hydrologic and mete-
orologic conditions in the United States for one or more water years, which begin on October 1 and
conclude on the following September 30. Themes for the first six NWS reports are water issues (U.S.
Geological Survey, 1984), ground-water quantity (U.S. Geological Survey, 1985), surface-water quantity
(U.S. Geological Survey, 1986), ground-water quality (U.S. Geological Survey, 1988), water supply and
use (U.S. Geological Survey, 1990), and floods and droughts (U.S. Geological Survey, 1991); themes for
planned reports are stream water quality and wetlands.

CONTENTS OF NATIONAL WATER SUMMARY

Each NWS report has three principal parts: “Hydrologic Conditions and Water Related Events, ” Hydro-
logic Perspectives on Water Issues,” and State-by-State summaries. Each report also contains supple-
mentary reference material that varies with the theme of the report, but can include glossaries, conversion
tables, lists of selected chemical names for water-quality contaminants, and maps of water-resources
regions and subregions.

Hydrologic Conditions and Water Related Events — The Hydrologic Conditions part of each NWS
report describes the hydrologic and meteorologic conditions of the United States during a water year.
The first five NWS reports documented these conditions during a single water year, whereas the NWS
report on floods and droughts is the first of subsequent reports that will document the conditions for two
water years.

1. U.S. Geological Survey, Reston, Virginia

2. U.S. Geological Survey, Denver, Colorado
3. U.S. Geological Survey, Helena, Montana
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The annual and seasonal conditions for each year are described. The presentation relies extensively on
national maps of streamflow, precipitation, temperature, and the 700-millibar pressure surface; graphs of
monthly streamflow for selected rivers and storage for selected reservoirs in the United States; and a map
that shows the location of 75-100 discrete hydrologic events, such as floods, spills of petroleum products
or other contaminants, landslides, and fishkills. Textual information about each event that is cited on the
map is provided in an accompanying table; each table entry of about 100-300 words quantitatively
describes lives lost and damage sustained, the size and expected recurrence interval of a flood or rain-
storm, the extent of a fishkill, and the quantity and composition of contaminant spills. Additionally, one
or more articles about memorable hydrologic events also is included; these articles, which normally are
2 to 4 pages long, provide much more information about the events that are documented in the table of
events.

Hydrologic Perspectives on Water Issues — The Hydrologic Perspectives part contains several articles
that describe technical and institutional issues on the theme that is presented in the State summaries.
These articles provide in-depth information and background about the theme that is discussed in the
State summaries. For example, the hydrologic perspectives discussion on water supply and use (U.S.
Geological Survey, 1990) contains in-depth articles on agricultural, industrial, and domestic water use;
instream flows; and water-use forecasting.

- mmaries — The State-by-State summaries consist of a 6-10 page summary for each of
the 50 States, Puerto Rico, the U.S. Virgin Islands, and the Western Pacific Islands (formerly known as

the Trust Territories of the Pacific Islands, Saipan, Guam, and American Samoa). The summary for the
District of Columbia is included in the Maryland summary.

Each State summary presents hydrologic information in a standardized format for text, tables, graphs,
and maps. Each summary generally consists of an overview of the status of the hydrologic theme in the
State, systematic descriptions of the theme in representative areas of the State, and a discussion of
Federal, State, and local responsibilities in water-resources management. if possible, the State summa-
ries are organized to complement other U.S. Geological Survey reports that have been published or are in
preparation. For example, the State summary discussion on water supply and use (U.S. Geological
Survey, 1990) presents county-level ground-, surface-, and total-withdrawal maps that complement
State-level withdrawal maps presented in Solley and others (1988).

NATIONAL WATER SUMMARY 1988-89—
HYDROLOGIC EVENTS AND FLOODS AND DROUGHTS

The theme of the 1988-89 NWS report is the occurrence of floods and droughts in the United States.
These hydrologic events are defined from an analysis of stream-discharge data.

Hydrologic Conditions and Water Related Events, Water Years 1988-89 — For water years 1988 and
1989 (October 1, 1987, through September 30, 1989), 173 hydrologic events are described. In addition,
one article, “Storm-Surge Flooding by Hurricane Hugo on the U.S. Virgin Islands, Puerto Rico, and
South Carolina, September 1989,” discusses the effects and damage of Hurricane Hugo. The article on
Hurricane Hugo reports that 26 lives were lost and $9 billion in damage was sustained to United States
property as a result of the storm.

Hydrologic Perspectives on Water Issues — Nine articles collectively provide an introduction to some of
the hydrologic aspects of floods and droughts and the societal activities that are undertaken to mitigate

their effects. These articles are summarized below.

“Climate and Floods” examines the many diverse climate regimes in the United States and the climatic
perturbations that cause floods. Although the most-humid drainage basins receive far more moisture
than the most-arid basins, both areas are subjected to periodic flooding because, from time to time, the
atmosphere delivers more moisture than is expected or can be readily absorbed or stored within the
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basins. The moisture is delivered by several short-lived mechanisms, such as convective thunderstorms,
tropical storms and hurricanes, extratropical cyclone and frontal passages, and rapid snowmelt. These
mechanisms are part of a larger climatic framework that determines the availability and pathways of
ocean-derived moisture; this mechanism is presented diagramatically in each State report (fig. 1).
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requires knowledge of Figure 1. Principal moisture origin and delivery patterns, Colorado. (Sources: Data from Clark,
persistent atmospheric 1989; physiographic diagram from Fenneman, 1946)

circulation patterns that are driven by sea- and land-surface anomalies beyond the area affected.

“Evapotranspiration and Droughts” discusses the loss of water to the atmosphere through evaporation
and transpiration, which is the loss of water from living plant surfaces. Evapotranspiration contributes to
the effects of drought because it provides moisture to the atmosphere during time of reduced rainfall.
The result is increased moisture deficiency in soil and decreased size of water bodies.

“Paleohydrology and Its Value in Analyzing Floods and Droughts” examines techniques to estimate the
frequency and magnitude of extreme hydrologic events that occurred before systematic records of hydro-
logic and meteorologic data were collected. This period of systematic data collection is about 100 years
in some areas of the United States.

Since earliest times, human activities have been affected by hydrologic extremes and societies have
attempted to predict, cope with, and mitigate their effects. In modern times in the United States, the
Federal Government is involved in the prediction of hydrologic extremes, minimizing their effects, and
compensating for loss of property and income. The article “Flood Forecasting and Drought Prediction
by the National Weather Service” discusses the role of that agency in forecasting stream discharge. In
support of that goal, the National Weather Service operates a network of 13 River Forecast Centers that
forecast river discharges and issue flood warnings. It also has developed a Water Resources Forecasting
System to help provide drought forecasting capabilities. “Flood Reduction and Drought Functions of the
U.S. Army Corps of Engineers” discusses the expanding role of the Federal Government in flood control
during the 20th century. Because flooding is the most common and costly natural disaster in the United
States, the Congress has appropriated about $25 billion since 1936 to the Corps of Engineers to control
floods nationwide. The Corps of Engineers also operates many projects to help mitigate the effects of
drought. The article “National Flood Insurance Program—-Twenty Years of Progress Toward Decreas-

25




ing Nationwide Flood Losses” discusses the Federal Government’s national flood insurance program,
which is administered by the Federal Emergency Management Agency.

The management and mitigation of extreme hydrologic events at the State and local level differs from
State to State; two examples are provided. “Flood Simulation for a Large Reservoir System in the Lower
Colorado River Basin, Texas” describes a network of seven dams and reservoirs in the Lower Colorado
River Basin in Texas whose operations are simulated by a mathematical model. In contrast to floods, the
article “Management of Water Resources for Drought Conditions” indicates that, in most States, society
tends to be unwilling to plan for droughts and that many local governments are reactive to them.

State Summaries of Floods and Droughts — Each State summary begins with an overview of the history

of the most memorable floods and droughts in the State’s history, which is documented more fully in
table 1. The overview is followed by a discussion of the general climatology of the State. This discus-
sion includes a map (fig. 1) that shows, by means of a set of one or more vectors, the principal sources of
the moisture that is conveyed to the State by the atmosphere. This type of map was prepared for each
State by Clark (1989), who identified the Pacific Ocean, the Subtropical Pacific Ocean, the Gulf of
Mexico and Subtropical Atlantic Ocean, the Atlantic Ocean, the Northeasterly Atlantic Ocean, the Great
Lakes, and Land-Recycled Moisture as sources of moisture. Because moisture-delivery systems are
complex and quantitative moisture delivery by these sources is difficult to estimate and portray graphi-
cally, only the relative contribution of each source is shown and is designated by the size of the arrows in
the figure. A large arrow indicates a primary source of moisture, half-size arrows represent secondary
sources, and small arrows represent locally significant sources, such as the Great Lakes. The arrows,
which may be straight or curved, are oriented to represent the predominant long-term trajectories of the

atmospheric flow of moisture from source to destination.

Table 1.

Chronology of major and other memorable floods and droughts in Colorado, 1911-88

[Recurrence interval: The average interval of time within which streamflow will be greater than a particular value for floods or less than a particular value for droughts.
Symbols: >, greater than; <less than. Sources: Recurrence intervals calculated from U.S. Geological Survey data; other information from U.S. Geological Survey,
State and local reports, and newspapers]

Recurrence
Flood or Area affected interval
drought Date (fig. 2) (years) Remarks
Flood. ... Oct. 4-6, 1911 Rio Grande and San Juan River >100 Widespread, intense rainfall for 3-5 days. Widespread damage in south-
basins. west.
Floods ... June 2-17 and North Platte, Yampa, White, 25 to >100 General statewide rainfall and isolated severe thunderstorms and areas of
Aug. 2, 1921 Roaring Fork, East, excessive snowmelt.
Uncompahgre, and Arkansas
River basins.
Drought .. 1930-42 Statewide . . . ............. 20 to >25  Regional.
Floods ... July 7 and Sept. = South Platte River basin, Plum, 50 to 100 Intense localized rainfall.
9-10, 1933 Clear, and Bear Creek basins.
Flood.... May 30-June 1, Kiowa, Bijou, Fountain, and 20 to 70 Locally intense thunderstorms. Deaths, 13; damage in Colorado Springs
1935 Monument Creek basins, and and Pueblo.
South Fork Republican River
basin.
Flood.... Sept. 2-4, 1938 Bear and Clear Creek basins.. 20 to 60 Locally intense thunderstorms.
Flood.... Apr. 23-24, 1942 Purgatoire River basin....... 20 to 40 Intense rainfall combined with snowmelt runoff. Highway and railroad
bridges destroyed.
Drought .. 1949-57 BYEIeWIe « « vssumenmansams 10 to >25  Regional.
Flood.... June 4-16, 1952 Colorado, Yampa, White, and 20 to 50 Snowmelt, probably combined with rainfall runoff.
Dolores River basins.
Floods ... June 4-July 1, Arkansas, Roaring Fork, 25 to >100 Snowmelt combined with rainfall runoff.
1957 Gunnison, and North Platte
River basins.
Drought .. 1958-70 Statewide . . .............. <10 to >25 Regional.
Flood.... June 14-22, 1965 South Platte and Arkansas 5 to >100 Widespread intense rainfall for several days. Declared major disaster area.
River basins. Deaths, 24; damage, $570 million.
Flood.... Sept. 5-17, 1970 San Juan and Dolores River 5 to >100 Intense, sustained rainfall. Declared major disaster area. Damage, $2.9
basins. million.
Flood . ... July 31-Aug. 1, Big Thompson and Cache la 5 to >100 Intense localized rainfall for about 3 hours. Declared major disaster area.
1976 Poudre River basins. Deaths, 144; damage, $39 million.
Drought.. 1976-82 Statewide . . .............. <10 to >25 Regional.
Flood . ... July 15, 1982 Roaring and Fall Rivers. ... ... >100 Dam failure. Declared major disaster area. Deaths, 3; damage, $31 million.
Floods ... June and July Colorado, Dolores, and White 10 to >100  Snowmelt combined with rainfall runoff.
1983 River basins (June), and Bear
Creek basin (July).
Floods ... May and June Colorado, Gunnison, White, 10 to >100  Snowmelt combined with rainfall runoff. Declared major disaster area.

1984

Roaring Fork, Uncompahgre,
and Yampa River basins.
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ears 1889-1988. (Source: Data from U.S.
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Although quantitative descriptions of floods typically are based on an analysis of stream-discharge data,
droughts may be characterized by analyses of many natural variables, such as stream discharge, precipi-
tation, and soil moisture. The 1988-89 NWS report characterizes droughts from an analysis of stream-
discharge data; these stream-discharge analyses are the basis of discussion for the major floods and
droughts in each State.

The State summaries are preceded by “Introduction to State Summaries of Floods and Droughts,” which
includes a description of the method that was used to quantify the severity of floods and droughts in the
States. The following discussion about the quantification of droughts is extracted from that article.

The severity of droughts was estimated from the departure of stream discharge from long-term
average discharge. As measured by accumulated departures from long-term average stream dis-
charge, hydrologic drought has three dimensions---intensity, duration, and areal extent. The State
summaries characterize intensity and duration of drought at a stream-gaging station by accumulated
departures from average stream discharge, in cubic feet per second months, and the areal extent of a
drought from the analyses of data from numerous stream-gaging stations.

First, the average discharge for each calendar month was assumed to be the long-term mean stream
discharge for that month or, in arid areas, the median monthly discharge. Then, periods of major
hydrologic deficits and surpluses were identified from an analysis of the accumulated departures of
monthly discharges from mean monthly discharges, beginning from the first month of the period of
record (Jennings and Paulson, 1988). For example, on a graph of accumulated departures of monthly
discharge from average discharge (fig. 3), the difference between any two accumulated values
indicates the deficit or surplus in discharge, relative to the average discharge, between those two
times. Note that a sustained downward trend indicates a period of discharge deficit (hydrologic
drought) and occurs, in almost all instances, over a multiyear period. For this analysis of droughts,
the interest is in quantify-
ing the intensity of deficits,
which can be calculated
from peak-to-trough
differences on the accumu-
lated-departure curve.
Segments that represent
these peak-to-trough
differences in the accumu-
lative-departure curve in
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At a given site, hydrologic Figure 3. Accumulative departure of monthly stream discharge from long-term
droughts have three charac- mean monthly discharge at a hypothetical stream-gaging station.

teristics of interest---

duration, intensity, and frequency. Duration and intensity are obtained directly from the accumu-
lated-departure graphs. Accumulated negative departures of a common duration are ranked from
largest (most intense) to smallest (least intense). The estimate of drought frequency for a hydrologic
drought of given duration is obtained using equation 1, which is adapted to analyze multiyear events
(Furness, 1962; Carswell and Bond, 1980):

RI = (N-k+2)/m, (1)
where RI is the recurrence interval, in years; N is the length of the data record, in years; & is the
duration of the drought, in years; and m is the rank of the drought. If longer records of discharge or

precipitation at nearby sites clearly establish that the rank (m) of the drought is applicable to a longer
period than the period of discharge record at the station, then the longer period is used for N, the
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length of record. It should be noted that records of stream discharge are relatively short when
compared to the long-term multiyear character of great droughts. Thus, calculations for recurrence

intervals of drought frequency, based on discharge records alone, are at best only approximate.

For each State, only annual (unaccumulated) departures from average stream discharge at a few

stations are shown on bar diagrams (fig. 2). However, the identification and analysis of droughts
were based on accumulated monthly departures of stream discharge for many stations in order to
define the temporal extent of the drought at the stations and the areal extent of the drought in the

State.

Each State summary contains two illustrations that show the time and space characteristics of as many as
five floods and as many as five droughts (fig. 2). In the NWS, these are four-color illustrations that show
time-series data (peak flow for the illustration about floods and annual departure of stream discharge for
the illustration about droughts) for six hydrologic stations in the State. These stations were selected
because they monitored streams that are among the least regulated, have the longest periods of record,
and represent the varied geographic areas of the State. Each of the major floods and droughts is high-
lighted (as an annual event if a flood and as a multi-year event if a drought) with a distinctive color,
which is found elsewhere in the illustration to define the areal extent of that event on a small-scale State
map. The areal delineation of the event is based on analyses of stream-discharge data from many more
stations, typically about 40, than the 6 stations whose data are highlighted in the illustration. These illus-
trations graphically portray how frequently floods and droughts occur at typical hydrologic stations in the
State and the areal extent of the most memorable of these events. Figure 2, which is from the Colorado
summary, is an example of the drought illustration.

Each State summary also includes a table of characteristics for as many as 20 of the State’s most memo-
rable floods and droughts. These characteristics, as is shown in table 1, are date of occurrence, area
affected, recurrence interval, and remarks about the effects of the event or the extent of damage. The
recurrence interval listed in table 1 is a measure of how frequently in time, on average, the event can be
expected to recur. A detailed explanation of recurrence interval also is given in “Introduction to State
Summaries of Floods and Droughts.”

Finally, a water-management section, which identifies the agencies responsible for flood-plain manage-
ment, flood-warning systems, and water-use management during drought, and selected references on
floods and droughts complete each State summary.

The 1988-89 NWS State summaries conveys the concept that floods and droughts are naturally occurring
extreme hydrologic events that recur in time and in spatial extent. Although prediction of their occur-
rence during a particular period of time is not possible, the probability of their occurrence can be in-
ferred.
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EXAMINATION OF DRYNESS IN AGRICULTURE
WITH MOISTURE BALANCE INDICES

Guan Zhaoyong and Feng Zhiwen
Nanjing Institute of Hydrology and Water Resources, Nanjing, China
ABSTRACT

The “D” index approach of moisture balance used to examine dryness in agriculture is pro-
posed in this paper. This index synthesizes several principal factors, which affect dryness in
agriculture, such as precipitation, crop water requirement and pre—growth—stage moisture
content. The “D” index is a comparison between the actual water quantity supplicd in the
crop growth period,and water requirements for keeping crop growth normal. If it generally
keeps balance (i.e. Da~ 1), it means that the moisture condition is able to keep crop growth
normal. If it can not meet this condition or with larger difference, it means that the crop is in
dry (D <1) or waterlogging (D > 1) condition. Procedures for calculating the parameters in-
volved in the formula of “D” are introduced in this paper. Taking dry agricultural areas on
various natural landscape conditions in Shanxi and Shaanxi provinces as test arcas, the full
growth period of principal crops ( winter wheat, spring corn, summer corn ) and thc serics of
“D” values in the key water—demanding periods, from 1961 to 1982 were obtaincd. With
them, the classified indices of agricultural dryness were determined and the occurrence of ag-
ricultural dryness and its distribution in time and space were analysed.lt is found that it is
possible and advantage to characterize agricultural dryness with value “D”and ccrtain precise
observed data of moisture content.
INTRODUCTION

Dryness(draught) is the main disaster to agricultural production in North China. For many
years, the study of agricultural dryness has been much studied by meteorologists, agricultural
experts, and hydrologists. The dryness indices are qantitative indices for measuring the extent
and range of dry disaster taking place in some area and period. It is convenient to analyse the
freqency,type, and distribution of dryness with the“D” index. From the definition of agricul-
tural dryness, it is considered that in crop growth period, abnormal shortage of precipitation
hinders and damages the normal crop growth and decreases the production .

Therefere, agricultural dryness is determined by 3 factors . The first is precipitation, es-
pecially precipitation in the crop growth period. The second is the water requirement of the
crop ,particularly the water requirement in the key crop growth period . The third is the initial
moisture content. Only after considering above principal factors, the real situation of agricul-
tural dryness can be fully expressed.

Shanbei and Guanzhong, in Shaanxi province ,and Shanxi province were studied with
“D”index. The total area is 280,000 Km? The study area is located in the middlc part of the
Yellow River basin, and the east part of northwest loess plateau.

This is the main area for producing grain in middle and west China.The shortage of pre-
cipitation and variablity of its spatial distribution make dryness occur often and with long du-
ration. In the north part of the area, dryness often occurs in spring and carly summer. In the
east of Guanzhong and Yuncheng dryness often occurs in summer, scldom in autumn,
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BASIC FORMULA
The index formula proposed in the symposium on North China dryness and waterloging ‘%
is:
=P—Rc +p0/pp+rg

D
W,+p,7p,

where
P—precipitation in crop growth period,mm;
Rc—surface runoff and percolation to groundwater in crop
growth period (precipitation unavailable to crop),mm;
Eo—average soil moisture content at begining of crop growth period,

pp—unit soil moisture in plant root layers per unit of precipitation,% / mm;
rg—graundwater recharge of soil moisture by upward flow from groundwater d

uring crop growth period,
Wa—water consumed to keep crop growth normal in the

growth peoriod, i.e. evaportranspiration of plant and soil,mm
pm—suitable soil moisture content of crop in crop growth period.

In the formula, the denominator is the total water requirement for ensuring crop normal
growth .The P—R_in the numerator is precipitation available to crop, which equals precipita-
tion minus runoff and infiltratiion. p / P, is equivalent to a precipitation depth, trans-

formed from soil moisture content at the beginning of the crop growth period. Total numera-
tor, P—R_ +p / pptr, is the total actual water supply available to crop. If the ratio is at bal-
ance value (i.e. D& 1) it means the moisture is able to keep crop growth normal. If the ratio
deviates from the balance, it is regarded that the crop is in dry or waterlogging condition.

‘The physical definition of the formula is clear, but it is simplified and rcvised , when it is
used in loess plateau(because there I, 0).

Division of experimental areca

Because the area is large , the geographic condition is complicated, and the climate difference
between north and south part is sharp, we used statistics in sub—divided areas to calculate,
analyze and show the distribution principle of agricultural dryness.

The study area was divided into 5 parts (sections). They are: 1) Shanbei, II) Yanbei and
Xin Xian, [ )Jinzhong, Shanxi province, [V )JGuanzhong and Yuncheng, V )southcast
Shanxi(fig.2)

Determination of calculating period

First we should learn the main crops in cach section.The main crops arc thc crops which are
suited to the climate condition and cultivation custom in that area. In Guanzhong, Shaanxi
province , Yuncheng, and southeast Shanxi the climate is warm and with a large amount of
precipitation. The cultivation custom is crop rotation between winter wheat and summer corn
in every year. In south and middle parts of Jinzhong, the main crop is wintcr wheat, but spr-
ing corn in north part of Jinzhong and mountain area.The main crop in most parts of
Shanbei and Yanbei is spring corn.

Besides the moisture condition in whole growth period, the key factor to affect crop out-
put is water supply in the key water demanding pecriod,when it is critical for thc crop to get
water. The type , growth period, and key water demanding period of crops in the 5 sections
are summarized in table 1.
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Table 1 The cultivation regulation(cropping practice), growth period and key water
demanding period of main crops in studied area.

. Cultivate main " key water demanding
Section . growth period i
regulation crops period
Southeast Two crops Winter wheat last Oct.—May Mar.—May,Apr.,
Shanxi a year Summer corn June—Sept. May,July,Aug.
Guanzhong, Two crops Winter wheat last Oct.—May Mar.—May,Apr,.
Yuncheng a year Summer corn June—Sept. May, July,Aug.
Jinzhon Three crops Winter wheat last Oct.—May Mar—May, Apr.,
£ in two years Spring corn Apr.—Sept. May,July,Aug.
Yanbei,Xin One cro .
. v Spring corn Apr.—Sept. July,Aug.
Xian a year
. One crop ]
Shanbei - Spring corn Apr.—Sept. July, Aug.

STATISTICS AND CALCULATION OF PARAMETERS
Precipitation P and initial soil moisture content

Precipitation data were obtained for 43 satations in the study arca . Based on thc growth pe-
riods and key water demanding periods of main crops in cach scction and its prccipitation
points, the precipitations in various reference poriods , such as Oct—May, Mar—May , Apr,
May , June—Sept, April—September , July, Aug and the full year were calculated respectively
and the average precipitation of each section was estimated.

To obtian P, the initial soil moisture content in the crop growth period, 41 moisturc ob-

servation sites were chosen as samples. With the data of initial soil moisturc content in cvery
period, the average soil moisture content to the depth of 40 cm was calculated.

Runoff is ineffective precipitation to crop. Using 1975—1980 daily precipitation data in cach
section, we chose 1 or 2 typical river basins to calculate regional runoff depth in every period
and get the relationship and draw the relative figure between precipitation and runoff
coefficient(ratio of runoff / precipitation) for each section. The rclations between precipita-
tion and runoff coefficient are shown as figure 1.

Determination of pp

The factors affecting pp are very complex. Here, we collect the observed data, tested in
Xizhuang gou, Taiyuan runoff experimental site, from June to september , 1958. The soil
moisture content to a depth of 50 cm from surface caused by 1 mm precipitation is 0.11% in
Taiyuan, 0.075% (with tested data of 1956) in Yeyugou and the average value is 0.092%. p =~
0.09% in Shaanxi province. We use p,=0.092% in this paper.
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Fig 1 Relation Curve between Precipitation and runoff cocfficient

Consumed water quantity and suitable soil moisture content of crop

The consumed water quantity of crop is the total quantity, which maintains normal crop
growth and production in the whole crop growth period. It is decided by crop type , property,
growing envirenment and agricultural cultivation practices (regulation).

In whole crop growth period, because of difference of climate condition, the crop water
requirement varies with time. Generally the crop water requirement is less in the begining and
end and large in the middle.The crop water requirementws of main crops are shown in table 2

Table 2 Crop water requirements of main crops
Total consumed water quantity
Section (monthly water demand) (mm)
Oct. Nov. Dec. Jan. Feb. Mar. Apr. May. Jun. July Aug. Sept. Total
SeuKiead 253 263 154 154 227 492 1118 1430 657 1168 137.1 617 790.4
Shanxi
Guanzhong

32,5 29.1 30.1 30.1 27.2 62.7 1004 139.8 428 1123 194.7 999 0901.6
and Yuncheng

Jinzhong 273 263 154 154 227 492 1118 1430 894 898 1028 760 769.1
Shanbei 27 351 567 1809 1215 654 462.3
L eiche 8.9 218 67.6 80.1 898 1028 76.0 447.0
Xinxian

ANALYSIS AND EXAMINATION OF RESULT
Analysis of result

With the formula and several parameters, analyzed above,the values of “D” for cvery crop in
every section, every crop growth period, every key water demanding period, from 1961—1982
may be obtained . Some key results are:

1. In 5 sections, taking a year and from Aprl. to Sept. respecticcly as statistical duration,
the 3 minimum values of“D”and their corresponding years are expressed in table 3. It is clear
that the dry years are comparatively concentrated.
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Table 3 Table of minimum values of “D” for reference periods of a full year and
April to September

name of section Ya?be% i Jinzhong Shanbei Guanzhung and Southeas.t of
Xinxian Yuncheng Shanxi
Statistical Year D Year D Year D Year D Year D
duration
The 3 Years 1963 0.75 1980 0.54 1974 0.71 1972 0.56 1972 0.59
with least Year 1965 0.62 1972 0.44 1972 0.71 1980 0.48 1978 0.57
value“D” 1972 0.60 1965 0.39 1965 0.66 1977 0.47 1965 0.50
The 3 years 1975 0.69 1974 0.71 1972 0.61
with least Apr.~Sept. 1965 0.66 1965 0.68 1974 0.60
value“D” 1972 0.51 1972 0.67 1965 0.57

For the March— May reference period in the 3 sections cultivating winter wheat, the
largest “D”is not larger than 0.08,which means that the dryness will occur in every spring in
Jinzhong . The least “D” for reference period of March—May is 0.30 in 1972.The wheat
growth period ,Oct—May, is in dry season. The average value “D”in Oct—May in 22 years is
between 0.50 and 0.60. It means that the precipitation can only meet half part of the water
demand.

2. Comparing main crops growth period with value“D”of key period year by year for 22
years in every section chosing the reference period with least“D”in a year, and summarizing
the frequency of the least value of “D”being in this reference period, is easy to learn the statis-
tical principle of dryness. The table 4 shows the comparison of spring corn growth period and
the least“D” in key water demanding period.

Table 4 Comparative table of spring corn growth period and the least “D”in key
water demanding period,1961—1982

Occurrences of Minimum “D”

" Reference . SH The minimim
Section . in reference period in 22 years g
period value of “D
Number Percentage
July 14 70% 0.60
Shanbei Aug. 4 20% 0.57
Apr.~ Sept. 2 10% 0.72
Aug. 10 45% 0.65
Yanbei Apr.~ Sept. 9 41% 0.78
July 3 14% 0.86
Aug. 12 55% 0.82
Jinzhong Apr.~ Sept. 7 32% 0.92
July 3 13% 0.78

* Note: Lack of 2 years data in Shanbei

With the same process as above, the summer corn and winter wheat are analysed. August
is the dry season for summer corn , especially in Guanzhong ,Shaanxi province. The possibili-
ty of summer dryness is not only great, but serious ; the value of“D”is about 0.50. In other
words, the water supply can only meet half of water demand, so it is clear that summer dry-
ness in Guanzhong occurs frequently and seriously.

The general principles, for dryness to take place in wheat growth period arc:

@O The dryness for wheat in the March—May reference period occurs frequently.
Morever, the frequency of dryness taking place in the March —May period is cspecially high
in Jinzhong . Only in southeast Shanxi does early spring dryness seldom occurs .@May is the
critical period for wheat to need water. The least values of“D”in Guanzhong and Southeast
Shanxi in May are 25% and 40% respectively. This means that, in Guanzhong and Southeast
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Shanxi, the dryness in May, occurs once every 2.5—4 years. May dry periods scldom occur in
Jinzhong.® The dryness for winter wheat is most serious in Jinzhong, where the average value
of “D”is 0.40 , the next most dry condition is in Guanzhong and southeast Shanxi.

3. The analysis of year—average value of “D”in every period (see table 5) can show the
average distribution of the dryness in area.Taking a year as a statistical duration, the dryness
easily occurs in Jinzhong and Guanzhong, the natural supply water only mect about 60% of
crop water requirement.

In Shanbei and Yanbei, because of caltivating a crop a year, the demanding water of
crop is less. The multi—year average value“D”is a about 0.90, it is not belong to dryness or is
a little bit dry. In spring corn growth period, which is Apr. to Sept., the possibility of dryness
occuring in Jinzhong is low, but Shanbei is in dry period, and Yanbei is in the middle condi-
tion. The summer corn growth period is not dry in Southeast of Shanxi. It keeps water bal-
ance. Summer dryness often takes place in Guanzhong.

Table 5 Growth periods of main crops and their value of“D”
Section Spring corn Summer cron Winter wheat
Year  Apr.~Sept. Jur.~ Sept. Mar.~May Oct.~May
Shanbei 0.90 0.76
Yanbei and Xinxian 0.89 0.81
Jinzhong 0.62 0.92 0.42 0.50
Guanzhong and Yuncheng 0.64 0.74 0.55 0.62
Southeast of Shanxi 0.75 1.02 0.53 0.61

The spatial distribution principle of dryness may be shown with contours of value of “D”
for every reference period . We used 1965, 1972 as two typical dry years to draw the contours
of value“D” for both whole year and June—Scptember reference periods. Figure 2 cxpresses
the spatial distribution of the value of “D”in a whole year, 1972. Therc arc 3 depressions of
value“D”in whole study area (note lack of data in Yuling, Shaanxi provincc ) , and the de-
pressions distribute as a belt . The 3 depressions are in east Guanzhong, Lingfeng, (in south
Jinzhong) ,and at Taiyuan— Yangquan. Their values of“D” are less than 0.40. Southwest
Shanbei, west Guanzhong and southeast Shanxi are either not dry or only a little bit dry, the
“D”values are above 0.60.

Classification of agricultural dryness

Based on the above analysis, and in coordination with observed dry conditions, the indices of
“D”of dryness grades in various sections and various growth period of crops arc classified as
in table 6. Thus, with certain precipitation and initial soil moisture content data in cortain sec-
tion and period, one can calculate runoff depth, then, calculate valuc of “D” with the formula,
and finally compare with table 6, to classify the relative degree of dryness.

Table 6 Growth period of main crops in every section and the indices of dry grade“D”
for whole—year reference period

Section Reference Dryness grade
period not dry sliyhtly day dry very dry
Yanbei Xingxian Spring corn growth D>1.0 0.80<D< 1.0 0.60<D<C0.80 D<0.60
and Period(Apr.~ Sept.)
Shanbei Whole year D>1.0 0.60<D<1.0 D<0.60
Jinzhong Winter wheat growth D>0.80 0.60<D<0.80 0.40<D<0.60 D<0.40
Jingdong Period(Oct.~May)
and Summer corn growth D>1.0 0.80<D< 1.0 0.60<D<0.80 D<0.60
Guanzhong Period(Jun.~ Sept.)
Yuncheng Whole year D>0.80 0.50 < D<0.80 D<0.50
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Shanbei, Jinzhong, especially in the dry years of 1972 and 1965 . It means that thc dry year is
the year, in which spring corn output deercases. Additionally, the water condition of key

growth demanding pcriod is important to grain output. In most of thc ycars with largc

negtive difference between actual and calculated output the value of “D”in the key water de-
manding period is less.
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TRANSFORMATION BETWEEN HYDROLOGICAL DROUGHT AND INDUS-
TRIAL AND AGRICULTURAL DROUGHT IN SEMI-ARID AREAS

Chen Ze—Zhi
Shanxi General Hydrological Service, Taiyuan, PRC
ABSTRACT

Drought is essentially the shortage of water resources. The transformation between
hydrological drought and industrial and agricultural drought is in fact thc amount of water
transferred between surface runoff and industrial, domestic, and agricultural watcr consump-
tion. The definition and index of drought are thus put forward in this paper on thc basis of
the above views. To increase the supply of industrial and agricultural water, Shanxi Province,
which is in a semi—arid area and is poor in water resources, has built many irrigation works
and water soil conservation projects during the past thirty years, resulting in an increcasc in in-
filtrated recharge of precipitation and surface runoff to soil moisture and groundwater, which
in turn has increased hydrological drought. The hydrological drought is divided into two
types: natural and man—made. According to the water balance principle and the transforma-
tion of different kinds of water, the negative relationship between hydrological drought and
industrial and agricultural drought is elucidated on the bases of man—madc conditions.

INTRODUCTION

Water is the essence of all lives. In arid and semi—arid areas, it is the lifeblood of national
economic development. In human activities, the study of hydrology and the development of
water resources have important significance to industrial and agricultural development in arid
areas. It is also quite essential to improving the ecological environment, and promoting hu-
man civilization. In the thesis, the definition and the transformation between hydrological
drought and industrial and agricultural drought in semi—arid areas arc studied, and a trans-
formation model is put forward on the basis of the natural situations and human productive
activities in Shanxi, the characteristics of rcgulating storagc capacity and rccharge of
streamflow, groundwater and soil water, the enhancement of cffective water resources usc,
and the improvement of agricultural, domestic, and industrial water supply.

GENERAL SITUATION

Shanxi Province is situated in 34—40 ° N lat. and 110—114 ° E long. It has the shapc of a par-
allelogram, with a length from north to south about 600 km, and a width from cast to west
about 300 km. The total arca of the province is 15.63 * 10°km?  The mountainous arca cov-
ers 72 percent. The loess plateau and hills make up 11.5 percent of the province; they are
mostly distributed over thc cast bank of thc Ycllow River and their clevation is about
600—1200 m. Basins and plainland arc about 16.5 percent, and arc distributed over the middle
region between castern and westecrn mountains.

Due to continental monsoon climate in Shanxi, the average annual precipitation is 523
mm (1956—1984), of which precipitation in the flood season (from July to September) makes
up more than 60 percent. The annual evaporation is about 1000 mm and the annual aridity
(ratio of annual evaporation to annual precipitation E / P) is bout 2; the climate is semi—arid.




The total average annual water resources amount to 138 * 10®m?, in which strcamflow is
108.6 * 103m>. The modulus of annual runoff (runoff per unit area) is 6.9 * 10*m*/ km?2 The
stream runoff per capita is 419 m3, which is only 3.8 percent of the runoff per capita in the
world and 19 percent of the average in China. Shanxi Province is not only lacking in water re-
sources, and domestic and industrial water use, but also suffers scrious drought in agriculturc.

Shanxi is rich in mineral resources. The coal reserves make up onc—third of the country’s
total. Therefore, Shanxi is a nationally important base of energy resources and coal—bascd
chemical industries.

DEFINITION AND TYPES OF DROUGHT

Drought can be defined as arid climate, little rainfall, abnormal reduction of strcamflow, and
serious shortage of water supply in a comparatively long period, which makes impacts on
domestic, industrial and agricultural production,and even destroys thc ccologic cnvironment
and disrupts the normal activitics of human beings. Therc arc scveral types of drought, such
as industrialdrought, agricultural drought, hydrological drought, and climatic drought. In
China, the aridity (K) is taken as the index for climatic drought rcgion division. K shows the
degree of air aridity. The annual aridity in semi—arid arcas is 1.5—3.49. Agricultural drought
is defined as the fact that soil water supply is less than the crop requircment in the crop grow-
ing season, which is expressed by dampness (D) in various seasons in Shanxi (D =P / E). The
industrial drought is that the actual water supply to industrial production is less than the
standard water requirement of the process equipments.

The main reason for hydrological drought, agricultural drought, and domestic—industri-
al water shortage is climatic drought. According to the statistical and historical data, therc
were 413 drought years in the 525 years from 1464 to 1988. In this pcriod therc were 7 excep-
tional drought years, 80 hecavy drought years, and 326 common drought ycars. The excep-
tional drought years caused destructive catastrophes. For ecxample, in 1877, the precipitation
in the province was only 116 mm, the stream runoff was 29.3 * 10®m*. Many rivers and lakcs
were dried—up. The disaster—struck arcas covered 84 counties; in 60 of thesc countics, the
harvest failed to reach 30 percent of normal. In thc meantime, thc ninc successive drought
years from 1872 to 1880 caused great disaster for the residents.

The stream runoff, groundwater and soil water vary with topography and with solublc
permeability of the land surface. In carbonate areas, hydrological drought is very serious. But
in some parts of discharging arcas, the spring runoff is very large, forming ninctcen big natu-
ral groundwater reservoirs for concentrated water supply. In lithological sandstone and shale
mountainous areas, it is casy to form streamflow. The modulus of annual strcam runoff is
(5—-16) * 10*m>® / km? in these arcas. The groundwatcr forms the strcam basc—flow by mcans
of outflow from small springs. The loess plateau and hilly areas arc full of gullics; water loss
and soil erosion are serious, and the conditions of recharge and storage of groundwater is
Very poor.

The basins are the best arcas to use watcer resources. The conditions for recharge and
storage of groundwater arc good in the basins, and 91 percent of the wells in the whole prov-
ince are located there. The annual exploitable modulus (the exploitable amount of water per
unit area) in agricultural wellarcas is (10—50) * 10*“m*® / km?. In river valleys, where the do-
mestic and industrial water resources are supplied by river infiltration, the annual ¢xploitablc
modulus is greater than 100 * 10*m?® / km?,

HISTORY OF DROUGHT SINCE 1959

The provincial thirty—yecar plan (1959—1988) for development of industrial and agricultural
production and water conscrvation projccts can be divided into threce periods, as shown in
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Table 1. The first decade was the period during which reservoirs werc built and the ficlds were
irrigated by gravity irrigation. At that time, the annual average stream runoff modulus M for
the whole province was 8.3 * 10*“m>® / km?, which can be taken as the basic datum of the natu-
ral runoff modulus. The second decade was the period during which groundwater drafts werc
increased greatly; the industrial and agricultural drought situation was improved significantly.
The modulus of stream runoff during this period was M = 6.1 * 10°‘m® / km?. In this period,
the supply of permeated precipitation and streamflow recharged groundwater significantly.
The third decade was the period of water and soil conservation.The level terraced fieclds were
built in arid or sloping areas, and check dams were built in valleys so as to silt up farmland
and to harness small catchments. The stream runoff modulus My is 4.9 * 10°‘m® / km?. In
this period, the permeated precipitation increased, streamflow decreased, and the agricultural
drought situation was improved. The water conservancy projects promoted the development
of agricultural production. In 1949, the gross industrial and agricultural output value was
13.4* 108 RMB yuan, in which the industrial output value occupied only 14.7 pereent. In
1984, the gross industrial and agricultural output value was 257.8 * 10® yuan, in which the
industrial output value occupied 66.3 percent.

Table 1 The three periods of development of water conservancy projects in Shanxi,

1959—1988.
Annual Runoff Grain Reservoir Annual Water—soil
Period Years rainfall modulus output storage well yicld conscrvation
P (mm) M (m’/ km?) (kg/ ha) (10*m?) (10*m?) (10*ha)
1 59—-68  533.2 83,000 1,212 338,000 59,000 234.7
il 69—78  500.8 61,000 1,950 421,000 184,000 267.4
I 79—88  487.5 49,000 2,396 420,000 233,000 344 6

HYDROLOGICAL DROUGHT DURING THE THREE PERIODS

Hydrological drought can be defined as the occurrence of annual streamflow that is
significantly lower than percnnial average strcamflow. Hydrological drought is divided into
two types, natural and man—made oncs, according to its causc and its impact on national
economy. Consider the precipitation (P;) and the runoff modulus (M | ) in the first period in
Table 1 as perennial average values. Then compile Table 2 by sclecting ycars with various de-
grees of rainfall and computing the ratios (Gp, Gy) of P; and M; to P; and M, for the ycar i.
Because the ratios are defined as Gp= P,/ P, and G, =M,/ M, they rcflect the hydrological
aridity in year i, relative to the perennial basc pcriod [.The larger Gp and Gy, thc morc scri-
ous damage the drought makes.

Table 2 The hydrological drought index for selected years and precipitation amounts,
Shanxi. P in mm and M in 10*m>.

Precipitatioon ranges (mm)

300—400 520-550 590-610
period i P, Gy, M, Gy i P, G, M, Gy i P, G, M, Gy

1 1 1

65 304 1.75 497 1.67 66 522 1.02 787 1.05 67 605 0.88 9.92 0.83
72 392 1.37 4.11 200 76 522 1.02 697 1.20 73 595 0.89 7.42 1.12
86 346 1.54 3.09 2.69 85 547 098 5.19 1.60 88 609 0.87 7.03 1.18
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The hydrological drought caused by little rainfall and other natural reasons is called natural
hydrological drought, and is expressed by Gp. The hydrological drought caused by over-
drafting groundwater and overusing soil water, is called man—made hydrological drought,
and is expressed by Gy,. If G, is not very large, but Gy, is large, then the industrial, agricul-
tural drought will be modified by man’s activities. The severity of drought can be expressed in
terms of the numerical values of G, and Gy, as follows: 1.2—1.5, semi—drought;1.5—1.8,
drought; > 1.8, heavy drought.

TRANSFORMATION PRINCIPLE AND BASIC MODEL

In a watershed or definite area, no matter how various types of water (precipitation P, surfacc
water Q, groundwater R, soil water W, and cvaporation E) transform, the principle of water
balancc between recharge and discharge will be followed. The basic modcl of watcer transfor-
mation is formulated as

P=Qu+Qu—Q+Ry+Ry—R + W, +E+E, (1)

where E, is evaporation of subterranean watcer, E_ is evapotranspiration of othcr typcs. The
subscripts ILILIIT denote inflow, regulated outflow and water usc, and unrcgulated outflow,
respectively. W | and W, are zero.

TRANSFORMATION BETWEEN HYDROLOGICAL DROUGHT AND
AGRICULTURAL DROUGHT IN ARIDFIELDS

According to the basic model (Eq.1), thec model of transformation between agricultural
drought in arid fields and hydrological drought is

where P, is the effective precipitation in the transformation between soil storage regulation
and surface streamflow (assuming that the remaining clements Q |, Q,, E, arc practically zc-
ro.)

The transformation rcflects practically the rclationship between the soil water regulated
and used (W ) and the surface outflow (Qy;) of the water and soil conscrvation projects in hil-
ly dry land and terraced ficlds. For a given level of precipitation, if watcr and soil conscrva-
tion projects arc good, the soil water storage will be large and the agricultural drought will be
reduced; however, the yield of surface flow also will be reduced comparatively, and the
hydrological drought will incrcase. For cxample, in Dazhai Village located in the castern
mountains, there arc 53 ha of farmland scattered over sloping ficlds. Before 1960, the water
loss and soil erosion werc very scrious, and the yicld per unit arca was only 800 kg / ha. Later,
to promote water storage, preservation of soil moisture, and drought resistance, tcrraced
fields which were low inside and high on the verge, with an active carth layer of 0.3 m, werce
constructed on the sloping fields, and check dams were set up in the gullies. As the result of
that, there was no streamflow in normal rainfall condition, and yicld per unit arca was morc
than 7500 kg / ha.

As another example, Wangjiagou is located in the Western loess hilly region, with a
catchment area of 9.1 km?, in which sloping fields make up 87 percent. There are 31 gullics. In
this region, the annual average precipitation is 506 mm, of which 72 percent is in the flood
secason. According to the statistics of 216 precipitation events which produced strcamflow in
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thirty years, 49 percent rainstorms lasted less than 3 hours and caused serious water loss and
soil erosion. There were nine years of agricultural drought in ten years and yield per unit arca
was about 1000 kg / ha. During the past thirty years, twenty—one check dams were set up in
Wangjiagou with 80 * 10*m?® storage capacity; farmland was built and various plants and
grass were planted. The streamflow was reduced, and 100 percent of silt loss was ovcrcome.
From Table 1, comparing period IT with period III, it can be seen that the main reason for the
19.4 percent reduction in strecamflow is that the area of preservation of soil moisturc was in-
creased by 22.4 percent.

TRANSFORMATION BETWEEN HYDROLOGICAL DROUGHT, AGRICULTURAL
DROUGHT IN IRRIGATED FIELDS, AND INDUSTRIAL DROUGHT

According to the basic model, Eq.1, the transformation between hydrological drought, agri-
cultural drought in irrigated fields, and industrial drought is as follows:

Qp=[P— (BBt Wy+Qp—Q +Ry—R)]—Ry= P~ Ry 3)

where Py is the effective precipitation in the transformation between water amount for irriga-
tion or industrial supply and surface streamflow. The transformation practically represents
the relation between regional regulated runoff and use of groundwater (R} ) and surface
streamflow (Q +Qp ), which arc used for agricultural or industrial arcas in river valleys. In
semi—arid areas,the improvement of industrial water supply depends on groundwatcr rcser-
voirs, which is related to the dircct recharge by streamflow. The larger R jis, the smaller Q.
That is to say, the more the industrial drought is improved, the more serious the hydrological
drought. Then, we provided the following two examples.

As an example of agricultural drought, take Fen River, which runs through Taiyuan Ba-
sin, and outflows from the Yitang Gorge. The catchment area above theYitang Gorge is
about 23,943 km?, which makes up 20 percent of the basin area.Before 1968, this area was ir-
rigated by means of surface gravity irrigation. The annual streamflow at the outlet of the ba-
sin was 8.8 * 10®m?, but the agricultural drought was still very serious, and the per unit arca
yield was about 2000 kg / ha. Since the 1970s, the groundwatcr has been developed greatly,
the number of wells has incrcascd to 2000, and the yicld per unit area surpasscd4000 kg / ha;
the highest yield reached 10,000 kg / ha. All of these interacted with cach other and strength-
ened the drought—resistent capacity. In 1986, thc annual precipitation in the basin was only
288 mm, so it was a serious drought year. However, because all wells were fully utilized, and
groundwater was extracted, it was still a harvest year. Howecver, because of groundwater
over—draft, the groundwater table in an area of 3580 km was drawn down 1.74 m. In this
year, the annual streamflow at the basin outlet was only 0.85* 10®m> In 1988, it was a
high—water year, and infiltration could recharge the groundwater greatly. Only in the flood
season, the groundwater table in a 2700 km?area was restored up to 1.63 m, and the annual
streamflow at the basin outlet was about 8.7 * 10®m>. From Table 1, comparing period II with
period I, it can be seen that the main reason for the 26.2 percent reduction of streamflow is
the 2000 percent increment in the extracted amount of groundwater.

In another example of industrial drought, the river bed of the Yao River located in the
upper part of Yangquan City, contains a loose sedimentary layer with a thickness of less than
36 m, in a river vallcy of 20 km length and 0.4 km width. The aquifer mainly consists of sandy
gravel with an average thickness of about 12 m. Since the 1950s, more than 40 wells recharged
by seepage from strcams have been drilled in a river bed of 12 km length. The catchment arca
of the river near the wells is 500 km?, with annual average streamflow of 5190 * 10°m?, of
which 80 percent appears in the flood season. In the low—water season, the strcam is dried up
and the groundwater is drawn down to 3—10 m below the surface of the dry river bed. In the
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high—water season, the strcamflow permeates into the ground and the groundwatcr table riscs
again. In 1972, with severe drought, the annual extracted amount of groundwater was
1230 * 10*m>. The groundwater level dropped more than 10 m and the annual streamflow was
366 * 10*“m>. In 1973, with high water, the groundwater level was raised again and the annual
streamflow was 6000 * 10*m”. Depending on the regulation ability of the aquifer and the
recharge of the periodic streamflow, the annual amount of groundwater cxtracted was
(1000—1700) * 10°m?®, and the extraction modulus was up to (200—350)* 10°‘m>/ km?.
Groundwater from the river—bed aquifer became the main industrial water resources before
1982 for Yangquan City, which had the most serious shortage of water in Shanxi.
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A NATIONAL DROUGHT ATLAS FOR THE UNITED STATES OF AMERICA

Gene E. Willeke, Miami University, Oxford, OH; Nathaniel B. Guttman, National Climatic Data Center,
Asheville, NC; and Wilbert O. Thomas, U.S. Geological Survey, Reston, VA

ABSTRACT

The National Drought Atlas will provide frequency analysis of precipitation and streamflow for dura-
tions of 1 month through five years, for probabilities of occurrence of 0.2, 0.1, and 0.02., and historical summa-
ries of the Palmer Drought Index (Palmer, 1965) and reservoir contents data for principal reservoirs. Frequencies
are calculated by the procedure of L-moments; the primary measure of central tendency is the median. Precipita-
tion and temperature data are taken from the Historical Climatology Network for about 1100 stations, and
streamflow from 1,700 stations in the U.S. Geological Survey’s Hydroclimatic Data Network. Results of the
analyses will be displayed in maps, graphs, and tables. For precipitation, a compact presentation of maps of
median precipitation together with tables of relationships between the median and each of the frequencies is
possible that will enable the user to estimate precipitation at the desired frequency.

INTRODUCTION

The U.S. Army Corps of Engineers was charged in 1989 with the responsibility of conducting a national
study of water management during drought. This study was to consider ways to reduce the nation’s vulnerability
to drought, considering the capabilities and responsibilities of all levels and agencies of government. Responsi-
bility within the Corps of Engineers for conducting this study was given to the Institute for Water Resources.

In the first year of the study, the nature of the drought problem was investigated through questionnaires,
workshops, literature reviews, participation in professional society meetings, interviews and correspondence, and
special studies conducted by the Advisory Commission on Intergovernmental Relations, Resources for the Future,
and the Hydrologic Engineering Center of the Corps of Engineers. Among the conclusions were a) that much of
the distress caused by drought was the result of institutional and legal factors, and b) that were technical studies
which would be helpful in drought preparedness planning and management of water during drought. (Institute for
Water Resources, 1991)

A technical product suggested by study participants and reviewers of draft reports was a national
drought atlas. This was deemed desirable in order to provide planners a reliable base of information, using
consistent terminology and methodology, that presented information in such a fashion as to indicate the degree of
risk involved in various courses of action. The drought atlas will provide an analysis of precipitation,
streamflow, the Palmer Drought Index (Palmer, 1965), and reservoir contents data.

The atlas is being prepared by the National Climatic Data Center, the U.S. Geological Survey, and the
Institute for Water Resources. The authors of this paper have primary responsibility for the various parts of the
atlas. The first author represents the Institute for Water Resources as overall coordinator of the atlas. James R.
Wallis and Jon R.M. Hosking of the T. J. Watson Research Center of IBM are providing statistical methodology
assistance. Representatives of the U.S. Department of Agriculture (Soil Conservation Service, Forest Service,
and the Office of the Secretary), the National Weather Service, the U.S. Bureau of Reclamation, and the Mid-
western Regional Climate Center assisted in the planning phase.

A good base of information on several characteristics of drought will enable planners to more quickly
and fully understand the nature of the physical aspects of drought. By presenting this information in terms of
frequency of occurrence, comparisons between regions of the country can more readily be made. This may
facilitate the development of state and national policy pertaining to drought.

CHARACTERISTICS OF DROUGHT

While all hydrologic and climatic phenomena of human interest have a substantial human component, it
is especially true of drought. Whereas a flood is usually an unambiguous event, and most observers would agree
on when a flood had occurred, the same is not true of drought. A drought occurs when there is not enough
water to meet normal demand. The relevant characteristics and dimensions of drought depend on water-use
characteristics. For some water uses and users, streamflow is the most important characteristic. For others, it is
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precipitation. In yet others, soil moisture is the critical parameter. Whether streamflow, precipitation, or soil
moisture is the more relevant characteristic, issues of duration, time of occurrence, and areal extent also may
assume major significance. For agriculture, a period of low precipitation in the winter months might be of
concern to farmers raising a particular crop, whereas for others, the precipitation of most importance would be in
the summer. A municipality dependent on run-of-river flow and with little storage would be severely affected by
low flows that may last only a few days or weeks, whereas municipalities that have appreciable water storage
capacity would not be concerned unless the period of low streamflow lasted for months or years.

METHODOLOGICAL CONSIDERATIONS

Because the questions most likely to be asked about drought pertain to some aspect of risk, it is desir-
able to present information in frequency terms. Because planning for drought occurs at many different scales
and for many uses, it is also desirable to present information that can be used for a range of durations and areal
coverage. A typical question might be something like: "What is the likelihood that a three month period begin-
ning in June will have 60 percent or less of normal precipitation for southwestern Ohio?" It will be possible to
answer this and similar questions using information from the atlas. A discussion of methodological issues raised
in attempting to provide this information follows.

Data

In general, the longest periods of record available for high quality stations within each region are used.
The Historical Climatology Network (HCN), a network of approximately 1,200 stations with data through 1989
(Karl, et al, 1990) for precipitation and the Palmer index. Record lengths are at least 60 years for most stations.
Because of data quality issues, not all stations in the HCN are used, because missing data were estimated from
nearest neighbors in the HCN, which in some cases are too far apart to be considered reliable for precipitation,
and because a month may be included in an HCN record with as many as 9 missing days of precipitation.
About 100 stations will be omitted for this atlas because of an excessive number of missing days or because
missing data could not be reliably estimated.

For streamflow, a subset of approximately 1,700 stations with data through 1988, prepared for the U.S.
Geological Survey’s Hydroclimatic Data Network (Landwehr and Slack, 1990), is being used. Record lengths
are, on average, shorter than for precipitation, being at least 20 years and averaging about 40 years, but are long
enough to support the frequency estimates. Other criteria for selecting stations are that the sites are unregulated
with minimal diversion and no significant land use change, i.e., unaffected by human intervention, and that the
data are of high quality.

The Palmer Drought Index is being recalculated for each HCN station that has consistent precipitation
and temperature data. Because the Palmer Index does not lend itself to averaging over multi-month periods,
reporting on the Palmer Index will be the historical percentiles. No frequency distribution will be fitted to this
data. For example, one such reported figure might be the following: "During the months of June-August, in
southwestern Ohio, the Palmer Index was -3 or lower 10 percent of the time during the 70-yr. period of record."

Duration

Data will be analyzed separately for each calendar month; the calendar or climatic year; consecutive 2-
month, 3-month, and 6-month periods; and consecutive 2-year, 3-year, and 5-year periods. Drought durations
may, of course, exceed 5 years, and water planners in some places are interested in longer durations. However,
it is considered that for an atlas of general applicability, 5 years is a suitable cutoff point. The length of record
for many stations is also a factor in choosing the maximum duration. Short records cannot yield estimates of
high reliability for long durations, because there are not many 5-year droughts in the record. Those interested in
considering longer durations of drought will need to engage in independent analyses.

For durations less than or equal to 1 year, a data series will be prepared for each station with one value
for each year of record. For the month of January for a station with 80 years of record, there would be 80
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values of total monthly precipitation in the data series. For the multi-month analysis, values will be calculated
for all consecutive m-month periods, i.e., m months beginning in January, m months beginning in February, etc.
For periods longer than 12 months, different problems arise as to how to select the items in the data
series, and how to make the appropriate probability statement corresponding to the data series. While a final
decision has not been made at the time of this writing, two options being considered and tested for developing
the precipitation and streamflow data series are the following:
a. Select the lowest m-year (or m times 12 months) moving average in the record as the first item in
the data series and remove all years from the remaining record which are dependent on that moving
average; then repeatedly select the lowest remaining m-year moving average and remove dependent
years until there are no further possibilities; and
b. Divide the record into m separate series of n/m non-overlapping events, where n is the number of
years of record, and either select one of these m series or calculate quantiles from each series and aver-
age the quantiles. This procedure is equivalent to taking a systematic sample with a random start.

Areal Extent

In general, drought is thought of as a widespread phenomenon, in contrast to a flood, which may have a
small areal extent as a result of small, intense storms. However, as area increases within a climatic region,
average precipitation or streamflow over the area usually increases, because there is somewhat more likelihood of
a precipitation occurring somewhere within this larger area. An attempt will be made to explicitly consider
variation of drought intensity with area. Our intent is to select three areas for each region, with smaller sizes in
the humid regions and larger sizes in the semi-arid and arid regions. The lower limit will be in the order of 750
to 1,000 sq. mi. and the upper limit in the order of 100,000 sq. mi.

The procedures for obtaining the different areal estimates are still in a testing phase as of this writing.
Two basic approaches are available for precipitation. The first is to aggregate the records of adjacent stations
into areas approximately equal to the area of concern and then perform the frequency analyses on the aggregated
records. The second approach is to perform point data aggregation on a Geographic Information System. In this
approach, a raster of varying resolution is defined and used to calculate a weighted average.

Statistical Analysis

The measure of central tendency for all data will be the median. This parameter is chosen rather than
the mean because of its stability and robustness, its representativeness of the phenomena under consideration, and
its amenability to other aspects of frequency analysis being employed in the study.

The frequency distributions chosen will be guided by the data, using L-moments to estimate the parame-
ters of the distributions. L-moments are an extension of probability weighted moments (Greenwood et al, 1979).
The term is a shorthand expression for a linear combination of order statistics. The first L-moment is the mean,
the second a measure of dispersion. L-skewness is the ratio of the third L-moment to the second L-moment, and
is a measure of skewness. Similarly, L-kurtosis is the ratio of the fourth L-moment to the second L-moment,
and is a measure of peakedness or kurtosis. Unlike conventional measures of skewness and kurtosis, the esti-
mates are not affected to the same extent by extreme values. Data points are not cubed or raised to the fourth
power. The theory of L-moment analysis is described by Hosking (1990).

Having obtained the L-moments, especially the second, third, and fourth, a plot of values of L-skewness
versus L-kurtosis ratios (to the second L-moment) is superimposed on plots of theoretical relations for different
frequency distributions. Then, a selection of a frequency distribution is made.

Finally, the data points in the original series are fitted to the selected frequency distribution by use of
the L-moments. Values corresponding to average return periods of 2, 5, 10, 20, and 50 years will be presented
in the atlas.
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Other Parameters

Water managers have noted that reservoir contents would be a desirable addition to the National
Drought Atlas. Although reservoir contents are dependent on operating rules for individual reservoirs and sys-
tems of reservoirs, precluding frequency analysis of the kind being done for precipitation and streamflow, histori-
cal summaries of reservoir contents for major reservoirs will be included. The reported figures will be percen-
tiles of the proportion of normal maximum usable contents of major reservoirs and reservoir systems. The
selected reservoirs are likely to be those reported on regularly by the U.S. Geological Survey in the monthly
(National Water Conditions, monthly), plus other selected reservoirs and systems proposed by the water manage-
ment community.

Joint and Conditional Probability

While it is well known that some questions posed by planners and citizens about drought involve con-
sideration of joint and conditional probability, it is not likely that such analyses will be done, because of cost and
methodological difficulty. A form of "climatic forecasting" will be possible, however, in which the probabilities
of precipitation or streamflow occurring in successive periods are aggregated.

Data Presentation

Wherever possible, a common mode of presentation is planned for all parameters. However,
streamflow, which integrates precipitation, evapotranspiration, and water movement through and storage in the
soil, cannot be regionalized using the same procedures employed for precipitation. Streamflow analyses will be
based on watershed and river basin boundaries.

Finding suitable ways to present the vast amount of information contained in the atlas is challenging.
However, it has also led to analysis that shows unanticipated regularities in drought statistics. Combining the
questions considered to be most often asked of an atlas that purports to characterize drought with the findings of
the study has led to some standard modes of presentation. Some have been used in earlier studies of drought;
others are considered original to this atlas.

To illustrate one major mode of presentation, consider calendar year annual precipitation. A map of
median annual precipitation can be readily prepared. It is logical to consider preparing a set of maps or tables
that would relate particular aspects of low precipitation to these median values. For example, a map or table that
gives the ratio of the annual precipitation with an average recurrence interval of once in 20 years over a 10,000
sq. mi. area to the median annual precipitation would enable a planner to pick a location, read values from the
maps and/or tables, and estimate the 20-yr. return period annual low precipitation. A first approximation to this
map is shown in Figure 1. This map shows the ratio of the 5th percentile of annual precipitation to the median.
The values shown on the map are the averages of this ratio for all stations in each state, i.e., the value for Ohio
is the average of the ratios for the 25 HCN stations in the state. The Sth percentile is a first approximation to
the once-in-20 year event. Considering the length of the precipitation records, at least 60 years for most stations,
it is quite a good first approximation. Tabular values will supplement the maps for presenting the ratios, and
will be an important mode of presentation for the parameters of interest.

FINDINGS TO DATE

A complete summary of findings would be premature at the time of this writing. However, preliminary
work indicates the data may exhibit a degree of regularity unanticipated at the outset of work on the atlas. One
early study resulted in the preparation of Figure 1. This analysis, as is stated above, is closely analogous to the
ratio of the m-year return period event to the median. The results of this study showed a remarkable degree of
regional similarity throughout the United States, with predictable progressions of the ratio from one climatic
region to another. The variation of the ratio within states is small, with the exception of some western states.
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USE OF ATLAS

The atlas is considered most likely to be used by planners at all levels of government or their consul-
tants, as well as business and industry planners. A planning group can ask a large number of "what-if" questions
which can be answered directly from the atlas. They can determine the most likely durations of critical drought,
when such droughts are likely to occur, how much reduction from "normal" can be expected in a drought of a
given frequency, what droughts have occurred in the region, and what their meteorological characteristics were,
both within the period of instrumental records and, for some portions of the country, in the tree ring record.

Information will also be presented on the range of human responses available to cope with drought and
reduce the attendant damages.

FORMAT OF ATLAS

The atlas will be a multi-volume document. In the first volume, the purpose and use of the atlas,
methodology, and general characteristics of drought will be described. This volume will also contain summary
information on some of the most economically and socially important droughts in U.S. history. National summa-
ries of drought characteristics, described more fully in the other volumes, will also be included. A chapter on
tree-ring analysis is planned, along with chapters dealing with the meteorological characteristics of drought.

The remaining volumes will be regional summaries. In addition to narrative discussion of droughts and
meteorological characteristics in each region, maps, graphs, and tables will summarize drought for each parame-
ter, for ranges of durations, areal extent, and frequencies of occurrence. These volumes, in a four color 11" x
17" wire-bound and edge-reinforced format, will have, in addition to maps, graphs, text, and tables, computer
disks in IBM and Macintosh format, that summarize the data, and include the tables and graphs. A compact disk
(CD) for the entire atlas is planned, which will include all the regional data.

The initial distribution, expected in 1992, is to be in the range of 10,000 - 15,000 copies. The primary
expected audience for the atlas includes federal water agencies, state and local water agencies, consultants, and
the academic and research community. Inquiries have, however, been received from the insurance industry, and
there are application possibilities for all water users, from marina operators to electric utilities.

THE FUTURE

It has been rightly observed that an atlas represents information as of a moment in time. To continue to
be a useful document, it should be updated. While it is true that longer records are generally better than shorter
records, the procedures used in the atlas should be an accurate representation of drought occurrence. It is our
hope that updates will be made, and that when better methodologies become available, they will be used in
subsequent revisions of the atlas.

Among the important improvements that can be made in an atlas such as the one described in this paper
is improving the quality of the underlying data sets. This is especially acute for precipitation. Even though there
is no better data set than the HCN as of 1991, the HCN’s inadequacies are such as to merit additional cleaning
and adjustments based on stations close to those in the network. Undertaking joint and conditional probability
studies would also be useful, including the joint probability of low precipitation and high temperatures.

Users will undoubtedly find other ways in which the data might have been analyzed or presented. This
is one of the reasons data disks are being included in the atlas. It is the hope of the authors that those who find
other useful ways of analyzing or presenting data will make their work known to others and us, so that practitio-
ners worldwide may consider these methods when preparing atlases for other regions.
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Figure 1. The ratio of the 5-th percentile annual precipitation to the median,
regionalized from Historical Climatology Network data.
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PREDICTION OF REGIONAL SOIL WATER AND DROUGHT

Li Baoguo

Department of Land Resources Science,
Beijing Agricultural University,
Beijing, 100094, PRC

ABSTRACT

A distributed soil water balance (DSWB) model, has been developed by
incorporating a 2-D Cartesian coordinate system (X,y) into the general soil
water balance equation. Thus the dynamic spatial distribution of regional soil
water can be described and predicted. The DSWB model was implemented by using
GIS (geographic information system) techniques. Furthermore, a map of regional
soil drought was obtained on the basis of the DSWB model and the needs of the
crop for soil water. The above method has been applied in Quzhou, Huang-Huai-
Hai fluvial plain, China.

INTRODUCTION

It is difficult to expand the model of soil water dynamics and soil water
balance to the regional scale, and obtain everywhere soil water dynamics or
distribution dynamics of regional soil water, because the spatial variability
of soil water parameters is extreme (Nielsen et al.,1973; Hillel, 1979; Feddes
et al., 1988). However, regional irrigation, water resources management, and
prediction of drought or waterlogging require the modeling and prediction of
regional soil water distribution dynamics. This paper describes the
development of a distributed soil water balance (DSWB) model to produce a
regional soil drought map.

MODEL ESTABLISHMENT

Principle of DSWB MODEL

Taking into account the integrality of the regional soil water distribution,
according to water balance equation and conceptual model of regional water and
salt system (Li 1990; Li and Shi 1990), the 2-D Cartesian coordinate system
(x,y) was imported into the general soil water balance equation to develop the
model for predicting regional soil water content of 1 m deep soil body. The
model established was named the DSWB model (DSWB: distributed soil water
balance), and can be written as:

* The author gratefully acknowledges the support of K.C. Wong Education
Foundation, Hong Kong.
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SSW1(x,y); = SSW1(x,y),; + Ps(x,y), - ETs(x,y), + Is(x,y); + Q(x,y), (1)

where (x,y): 2-D Cartesian coordinate; t: the time period from t-1 to t;
SSW1,: the water content of a 1 m deep soil body at time t; SSW1, ,: the
water content of a 1 m deep soil body at time t-1; Ps: the recharge of
precipitation to soil; ETs: evapotranspiration; Is: irrigation amount; Q;:
the upward water flux at depth 1 m. All water volumes are expressed in unit
of depth of water over a unit area.

The data set of the water content of 1 m deep soil body at all (x,y) points
in the region D is defined as the regional soil water regime (SSW1,). This can
be expressed as:

SSW1,, = {SSWl(x,y), i (x,y) € D} (2)

Estimation of the DSWB Model Variables

Ps(x,y) in eqn. (1) is obtained from the local meteorologic station or weather
reports, and Is(x,y) is estimated on the basis of the condition of regional
water conservancy facilities, crop distribution and irrigation schedule.

Ets(x,y) is given by
Ets(x,y), = K.(x,y); K (x,y), ETM(x,y) (3)
where ETM = the potential evapotraspiration, which can be calculated by the

Pemman methods, K, = the crop coefficient, and K, = soil coefficient. K, can
be determined as follows. Define

SSW1(x,y), = 0.5 (SSW1(x,y),.; + SSWl(x,y),) (4)
k = SSW1(x,y), / (0.8 SSW_(x,y)) (5.1)
ky, = SSW,(x,y) / (0.8 SSW_.(x,y)) {(5.:2)

where SSW_.(x,y) and SSW,(x,y) are the field water capacity and wilting water
content, respectively, of a 1 m deep soil body, and depend only on the space
coordinate (x,y). Then

1 itk =1
Ks(x,y) ={0 if k <k, (6)
k otherwise

Ql(x,y)t, which is associated with many environmental factors (Li et al.,
1988), was estimated by a simple method. This can be expressed as:

Q(x,¥) = Qg (x,¥); = Qui(x,¥) - Qpy(x,¥), (7)

where Qg;, = the recharge amount from the soil body below depth 1 m; Q;; = the
percolation water amount out of the 1 m deep soil body, which results from
irrigation; Qp, = the percolation water amount out of the 1 m deep soil body,
which results from precipitation.

Because the surface is very flat in the fluvial plain, if the groundwater
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depth is lower than 4 m, The following equations can be assumed (Li, 1990):

Qg (x,¥) = Qgx,¥), (d<4m) (8)

Qpy (x,¥); = Qp(x,¥); (d<4m) (9)

Qrp (x,¥) = @ (x,¥), (d<4m) (10)
where Q; = the amount of groundwater evaporation; Qp = the recharge to
groundwater resulting from precipitation; Q; = the recharge to groundwater

resulting from irrigation; and d = the groundwater depth.
Qg) Qp, and Q; estimation methods were reported by Li (1989).

Thus SSW1(x,y), is calculated by combining equations (1) to (10). Finally,
SSW1,, are obtained by calculating all SSWi(x,y), for (x,y) € D.

Drought Prediction

After all SSW1(x,y), ( (x,y) € D ) are predicted, the relative soil water
content, which is equal to the ratio of the water amount in a 1 m deep soil
body to its field water capacity at (x,y), is defined as the drought index Kj.
This can be expressed as:

Kq(x,¥)y = SSW1(x,y), / SSW.(x,¥y) (11)
Generally, different crop systems and different stages of crop growth have
different requirements for the value of K; (Shi, 1984). Comparing Kq(x,¥) with

crop Ky, which reflects crop growth requirements, we can predict regional soil
water drought status.

MODEL IMPLEMENTATION

The DSWB model is implemented by geographic information system (GIS)
techniques. This process is shown as figure 1.

Digitize soil map
and others %
* Obtain Qp, Q, Q1 from
the groundwater model,
Develop point-to then digitize
-plane expanding
algorithm
|4

Overlay maps implementing
the DSWB model

Figure 1.--Model implementation process with GIS

¥ reported by Li (1989,1990)
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Digitizing maps

The maps (scale=1:50,000), which include the regional soil map, water
conservancy facilities map, and others, were digitized. Corresponding to real
surface area 50m*50m, each digitized grid square on the maps is lmm¥1lmm. using
a 16-digit soil-type code, the type of soil series (i.e. soil species), the
texture of surface soil, the layer structure of 1 m deep soil body, and other
information can be obtained from the digitized regional soil map.

Expanding Data from Point to Plane

The principles of expanding are: (1) Each soil series is considered to have
the same soil water properties on the basis of soil series, location in the
same geo-environment, and similarity of pedon structure and land use. (2) the
nearest-neighbor law of spatial distribution is adopted if there are more than
2 points or no point in the same soil series region. In the light of the two
principles, an expanding algorithm from point to plane was developed (Li,
1990). The digitized maps of initial regional soil water (SSW1;) and regional
soil water properties (SSW., SSW,) were produced by the expanding algorithm.

Model Execution

The execution process of the DSWB model is shown in Figure 2.

IPrepare the digitized maps of SSW, and SSW_, I

l Prepare the initial digitized SSW; map J

IPrepare Qr, Qp, Qg, Pg, and Ig digitized napsF——'*——"'——“
¥

Overlay the maps according to egn. (1)
Obtain the SSW. digitized map

t = t+l
No 3

[ Output the SSW, napAA]

t > ndt

Yes

[ Divide SSW, by SSWc to get the digitized drought mapAJ
Y

| Output the drought map l

Figure 2.--Flow chart of the DSWB model

MODEL APPLICATION

The DSWB model has been applied in a 253 km? experimental area in Quzhou,
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Huang-Huai-Hai fluvial plain, China. The crop systems were annually considered
as the wheat and corn rotation; K, were adopted by referring to values given
by Tao and Pen (1979), and for each soil texture, SSW, and SSW, were measured
by sampling in the field. The prediction period is a season and the time step
is 5 days. Initial condition could be input to the model again in next time
period historical prediction.

Results and Analysis of Historical Prediction

The DSWB model was historically prediction during 8 seasons from 1987 to 1988
in order to calibrate the DSWB model. The surveyed map of the actual content
of the 1 m deep soil body and its prediction map can be automatically plotted
by computer-driven plotter (Figure 3). The map of soil drought index K,
obtained at same time is presented in Figure 4.

(a) observed (b) predicted

(] < 200 mm [777] 200-300 mm 300-350 mm

350-400 mm R >400 mm « observation site

Figure 3.--Maps of water content of 1 m deep soil body, Quzhou experimental
area, June 11, 1988. (a part of experimental area is about 60 km?)

K4 drought
status
D < 0.40 strong
‘111 0.40-0.60 moderate
0.60-0.85 slight

Figure 4.--Prediction map of soil water drought index, K,
Quzhou experimental area, June 11, 1988.

Based on calibrated of 354 points and times, the absolute error of water
content of the 1 m deep soil body is 33.6 mm, and the relative error is 11.7
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percent. Considering that the general irrigation requirement is about 75%15
mm for one irrigation, the absolute error is less than half of the irrigation
requirement, so the drought prediction accuracy of the DSWB model is
acceptable for agricultural practice.

Results and Analysis of Real-Time Prediction

The time period was two seasons in real-time prediction in 1989 assuming that
the weather conditions in 1989 were similar to those in 1987. Based on
calibration of in the experimental area, the absolute error was 34.9 mm, and
the reactive error was 14.1 percent. The accuracy of real-time prediction was
slightly lower than that of the historical. Further study is necessary on the
real-time prediction.

CONCLUSIONS

1. The 2-D Cartesian coordinate system (x,y) was incorporated into a general
water balance equation. The DSWB model, which can be used to predict regional
soil water distribution dynamics, has been developed.

2. The DSWB model was implemented using GIS techniques including map
digitizing and overlaying, and development of an algorithm for expanding point
data to plane data.

3. The DSWB model has been applied to a 253 km? experimental area. The
relative error is 11.7 percent in the historical prediction and 14.1 in the
real-time prediction. The map of regional soil water distribution and regional
soil water drought index, can be automatically plotted by computer.

REFERENCES

Feddes R.A., Kabat P., Van Bakel, et al., 1988, Modelling Soil Water Dynamics
in the Unsaturated Zone -- State of the Art: J. Hydrol. 100, 69-111.

Hillel D., 1977, Computer Simulation of Soil Physics: Academic Press, New
York.

Li Baoguo, 1989, The Dynamics Prediction of Regional Groundwater Table: Trans.
of International Symposium on Dynamics of Salt-Affected Soil, Nanjing,
China.

Li Baoguo, 1990, Systematic Model for Predicting Dynamics of Regional Water
and Salt: Ph.D Thesis, Beijing Agricultural University.

Li Baoguo and Shi Yuanchun, 1990, Modelling for Predicting Seasonal Systematic
Dynamics of Regional Water and Salt: Trans. of 14th International Congress
of Soil Science. Vol. 6,108-113, Kyoto, Japan.

Li Yunzhu, Chen Yan and Wang Shaoying, 1988, Characteristics and Types of
Soil Water Balance on Different Geo-Condition: Trans. of 4th China Soil
Physics Congress, Chungking.

Nielsen D.R., Biggar J.W. and Erh. K.T., 1973, Spatial Variability of Field
Measured Soil Water Properties: Hilgardia 42, 215-259.

Shi Chengxi, Li Zongsong and Cao Wanjin, 1984, Agricultural Hydrology:
Agriculture Press, Beijing.

Tao tsouwien and Pen Puhsiang, 1979, Methods of Computing field evapotrans-
piration and Variation of soil moisture: Acta Meteorologica Sinica, 37(4),
79-87.

56



TOPIC B

CHARACTERISTICS OF ARID-REGION HYDROLOGY




FLOOD HYDROLOGY OF ARID BASINS IN SOUTHWESTERN UNITED STATES
By

H.W. Hjalmarson?

ABSTRACT

In the arid southwestern United States, summer thunderstorms commonly produce flash floods at
low-elevation basins. In northern basins at higher elevations, floods commonly result from
snowmelt and rainfall of cyclonic storms. The temporal and spatial variability of floods is
particularly acute for streams draining areas of less than 200 square miles. At elevations
above 7,500 feet, the magnitude of infrequent flood-peak discharge is significantly less than
at lower elevations. Because of the many years of no flow at many gaged streams, there are too few
years with flow to reliably define flood-frequency relations.

INTRODUCTION

The topography of the southwestern United States is dominated by the Sierra Nevada to the west
and the Rocky Mountains to the east. The crestline of both mountain ranges commonly is more
than 10,000 ft; some peaks are in excess

of 12,000 ft. Throughout the area, o CANADA o0
isolated mountains are separated by arid ol L e il
desert plains. Most of the mountain 1§ P A ;
ranges trend north and northwest and {~ i !
commonly rise a few thousand feet above 45";1 ST 3»\ T
the adjacent alluvial plains. 4 OREGON B e i

f~ * IDAHO S‘
Major drainage basins include the S o e e AN t
Colorado  River, Rio Grande, and e o ik AR T
the Great Basin (fig. 1).  The large ¥ e 3 G uTAfH R
rivers head in high-elevation mountains h\\ % NEVADA | o ohs lcor ofR A
where precipitation is abundant and then § H e B 941555?&,,\,} L
flow through arid deserts. Some flood ol R0 ol e s S
characteristics of streams that drain %, %\ 324 0943510 avensren S 0%
areas less than 2,000 mi? are presented & 153 3Mo§§9%§o%! o
in this report. The general relations - :}1 i AA
presented are based on data for 1,336 T MR ‘18?513200 7 asin &
stre.amflov.v gages in and adjacent to the o —— 09586%36 F
major basins (fig. 1). ME X

0 200 KILOMETERS
Distributary-Flow Areas EXPLANATION Lo
A

Throughout the study area, but especially 08512200 STREAMFkS;V}\,GLﬁ%Eg e
in southeastern California, southern and
western Arizona, and Nevada, alluvial Figure 1.—Western United States and selected
fans (distributary-flow areas) can reduce gaging sites.

significantly the amount of floodflow that leaves the basin. Some distributary-flow areas may
be noncontributing for most floods. Some of the flood-peak attenuation indicated by
comparison of flood-frequency relations for sites on the same stream is related

1Hydrologist, U.S. Geological Survey, 375 S. Euclid Avenue, Tucson, Arizona, 85719
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to distributary-flow areas in the intervening drainage area. An example is Brawley Wash in
southern Arizona in which the 100-year peak discharge decreases from 24,000 to 19,000 ft3/s
between streamflow-gaging stations 09486800 and 09487000 (fig. 1), while the total drainage
area increases 68 percent from 463 to 776 mi2. A large percentage of the potential intervening
runoff from the mountains and pediments must traverse many distributary-flow areas. The
floodflow divides and combines many times and spreads laterally over the permeable soil. Even
during large floods, most of the floodflow peak discharge in the distributary-flow areas is
lost to infiltration or attenuation. Floodflow that leaves these distributary-flow areas adds
to the peak discharge in Brawley Wash but is of little consequence.

STREAMFLOW

Streamflow at the streamflow-gaging station, 09512200 Salt River Tributary at South Mountain
Park, at Phoenix, Arizona (fig. 1), is typical of streams that drain small arid basins in the
southern latitudes. For example, all runoff from the 1.75-square-mile basin for water year
1964 occurred in a few hours on October 19, 1963, and August 2, 1964, as a result of
thunderstorms (fig. 2). During the 29 years of record at this site, no flow occurred for eight
of the water years and 99.5 percent of the days had no flow.

The coefficient of variation (standard deviation/mean) for annual discharges at streamflow-
gaging station, Salt River Tributary at South Mountain Park, at Phoenix, Arizona, is 1.9;
coefficients of variation for some months were more than 5. During the 29 years of record, no
flow occurred during the months of February, April, and May. The coefficient of variation
of mean annual discharge at this site is typical for small arid streams in the southern
latitudes (fig. 3). The coefficient of

600 : T r T T T . variation of mean annual discharge,

i which is a measure of the ability to detect
L J
=
300 - =]
8 4 L T T T T T T T T T =
i | J Cloud envelope of common
» values for drainage
5 B J i basins less than 50
o O i square miles
= 0 i N | L 1 1 ZoO - -
w Ocx
= 24 6 12 18 24 Ee Cloud envelope
o I OCTOBER 19, 1963 < g of common values
@ ) for drainage
) <5 basins greater
; 400 T T T T T T T Lo ol than 50 square
= O g .miles
w ==
o - : zZ
c <
< O =
T T
O 200 1 [THETY} L
) ws
o O
o
0 1 | L I 1 1 0 1 | i 1 1 1 1 | 1 | 1
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Figure 2.—Storm runoff for water year 1964 Figure 3.—General relation of coefficient of

at streamflow-gaging station 09512200, Salt variation of mean annual discharge to

River .tnbutary at South Mountain Park, at latitude for streams that drain basins of

Phoenix, Arizona. less than 200 square miles.
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differences of runoff patterns. The
discharge trends for streamflow-gaging
station, 09512200 Salt River Tributary
at South Mountain Park, at Phoenix,
Arizona, and 09419610 Lee Canyon
near Charleston Park, Nevada, which are on small ephemeral streams, are much different from
the discharge trends for streamflow-gaging station, 09498500 Salt River near Roosevelt,
Arizona. Most of the runoff for station 09419610 was during two storms during water year 1967.

Figure 4.—Cumulative departure from mean
annual discharge for indicated sites in the
southwestern United States.

FLOODFLOW

Floodflow in the mountainous areas commonly is in channels confined by steep mountain slopes or
V-shaped canyons. Stream channels in the mountains are tributary, and peak discharge increases
as the drainage area increases. Floodwater that leaves the mountain fronts can spread over
piedmont plains in a complex system of tributary and distributary alluvial channels. In the
alluvial plains, the peak discharge can decrease by attenuation and infiltration as the
drainage area enlarges.

Desert floods in the southwestern United States commonly result from large amounts of intense
rainfall or snowmelt in the steep headwater mountains. Typical floods that result from
thunderstorms are characterized by a rapid rise and a rapid cessation of discharge (fig. 2).
Typical floods in the northern latitudes that result from snowmelt have a less rapid rise and
recession. The floods in the northern latitudes generally are much smaller than those in the
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southern latitudes. Typical peak
discharges for major floods that are
the result of thunderstorms in the
southern latitudes are nearly 10 times
greater than those in the northern
latitudes (fig. 5).

High Elevations

A limiting elevation exists above
which large thunderstorm-caused
floods are rare. The physical cause
of this threshold probably is based on
the available energy and moisture in
the atmosphere for the convective
process. The elevation threshold
remains constant at 7,500 ft for all
sites south of about 41 degrees
latitude, and decreases north of that
latitude. North of 41 degrees lati-
tude, the threshold is approximately a
flat plane sloping about 300 ft for
each degree of latitude. For example,
at 42 degrees latitude, the threshold
is 7,200 ft; and at 43 degrees, it is
6,900 ft. The unit peak discharge for
sites south of 41 degrees latitude
commonly is greater than the unit peak
discharge for sites north of 41 de-
grees latitude (fig. 6). North of
41 degrees latitude, the unit peaks
were less than 300 (ft3/s)/mi2, and
most were less than 100 (ft3/s)/mi2.
All the peaks greater than 100
(ft3/s)/mi2  were the result of
rainfall. Below 100 (ft3/s)/mi2,
peaks are the result of a mix of
rainfall and snowmelt.  North of
41 degrees, most of the peaks are the
result of snowmelt.

Flood-Frequency Relations

The shape of flood-frequency relations
for sites is assumed to have limita-
tions. The expected slope of the
relation is positive because peak
discharge logically increases with
decreasing probability of occurrence.
The expected shape of the relation is
a straight line or a smooth curve in
log-probability space.  The fitted
relation is expected to visually agree
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Figure 5.—Relation of maximum unit peak
discharge at gaging stations to latitude
for unregulated streams that drain basins
of less than 200 square miles.
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Figure 6.—Relation of maximum unit peak
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with the plotted data; for example,
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