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ABSTRACT 

The United States Midwest experienced a historical episode of rainfall and flooding 

in the summer of 1993. Successive extremely high convective rainstorms took place due to 

the passage of series of mesoscale convective systems. From May to July, devastating floods 

swept the Upper Mississippi and Lower Missouri River basins, with total direct damage of goods 

and property estimated to be $15-20 billion. In contrast, a widespread severe drought 

occurred in spring 1988 over the Midwestern area, with the associated impact and cost that 

was equally devastating. This phenomenon epitomizes the energetic processes of the 

Earth climate and the ensued, challenging social-economic consequences from the world 

perspective. The uncertainty in our understanding of the climate variability and prediction 

of future climate change envisaged the joint effort of the World Climate Research Program 

(WCRP) to develope GEWEX (Global Energy and Water Experiment) as a major focus of 

the hydrologic processes and the water and energy exchange at the land-atmosphere 

interaction. 

The record-breaking flood of 1993 provides an excellent opportunity to address 

many issues to the interest of GCEP-Mississippi: the large-scale characteristics of the 

hydrometeorology, the predictability of ECMWF model, and the sensitivity of mesoscale 

simulation. The effects of meridional and zonal vapor transport on precipitation production 

have been examined in the observation as well as in the ECMWF/TOGA and ERA data. 

Components of atmospheric and terrestrial water balance were compared. Cloud water 

change/flux activity, convection feature, diurnal variation, and land-atmospheric interac

tion were investigated, and intercompared among the three data sets. The intercomparison 

has demonstrated partial improvement from TOGA to ERA. It also indicates possible 

internal inconsistencies in the ERA, the ability and inability of simulating large-scale or 

mean Fields and fine-scale extremes. It reveals the impacts of the new soil hydrology and 
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boundary layer schemes in ERA in warmer and winter times, and the possible influence on 

surface hydrology. A 9.5-day (28 June to 7 July 1993) simulation study by the Penn 

State/NCAR MM5 mesoscale model, with the help of enhanced IR images from GOES 

satellite data was carried out The sensitivity of MCS simulations to different cumulus 

parameterization schemes and explicit moisture schemes was investigated. The model is 

considerably skillful in the environmental steering wind direction, but greatly limited in the 

orthogonal direction. The model could not reproduce the "last-hour" rain - an extraordinary 

MCC, indicating that the model lacks representation of the mechanisms responsible for 

modifying the environmental controls on the evolution of long-lived MCSs, particularly 

after the system reaches its maximum extent. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background and Motivation 

The period from September 1992 to August 1993 was the most unusual time in the 

modem history of North America, particularly of the United States Midwest, in terms of 

disastrous climate change and hydrological impacts. The very wet autumn and extremely 

heavy winter snowfall came first in 1992, followed by the unprecedented devastating sum

mer flooding of 1993, with an estimated return period of greater than 200 years, and much 

higher at sites with new maximum values [Tugman et al., 1994; Kunkel et a/., 1994; 

Hirschboeck et al., 1994]. Total damage losses have been estimated to be 315-20 billion 

[NOAA, 1994]. The most severe flooding was concentrated in the Upper Mississippi River 

reach between Cairo, IL and Minneapolis, MN, and along the length of the Lower Missouri 

River from St. Louis, MO, to Omaha, NE [Lott, 1993]. General contributing factors to this 

anomalous summer floods include: above-normal soil moisture levels in early June 1993; 

large-sized areas of moderate to heavy/extremely heavy rainfall, and the close orientation 

of rainfall along the main stem of major rivers [Lott, 1993; Kunkel et al., 1994; Rodenhiiis 

etal., 1994]. 

In conurast, a severe drought occurred over central North America in spring and 

summer of 1988, and only five years are reqiured for the climate to change from extreme 

dry to extreme wet. It once again demonstrates that anomalous precipitation, among all 

forms of nature catastrophies, is still one of the most severe threats to our modem society, 

regardless if it is an industrial country or a third-world country. It raises in the meantime 

the critical questions with climatic and hydrologic concern: what is the large-scale feature 

of these events? How does the current meteorologic/hydrological model perform on this 

event, and most cmcially, on the forecast of similar events in the future? Specifically, can 
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and to what extent does the state-of-the-art mesoscale weather model capture the inherent 

characteristics of the extreme precipitation process? These are the issues which will be 

dealt with in this research. 

Answering these questions will address many of the issues of interest to the 

Continental-Scale International Project (GCIP). As a major focus on regional study of the 

World Climate Research Programme (WCRP) and GEWEX (Global Energy and Water 

Experiment), GCIP has the goal of characterization of water and energy exchange at the 

land surface-atmosphere interaction, understanding the time-space variability of hydro-

logic and climatic processes, developing and evaluating fiilly coupled regional hydrologic 

and atmospheric models and assimilation schemes, and improving water resources 

planning and management. The first continental-scale initiative, the GCIP-Mississippi. se

lected the Mississippi River basin as its study site (Figure 1.1), partially to benefit from the 

excellent data observing and management system, including new Doppler radars, wind 

profilers, and automatic weather stations. 

GCIP activities will be approached on four scales: (a) Continental-scale area (CS A) 

that spans the entire domain of the Mississippi River; (b) Large-scale area (LSA) that 

emphasizes a particular region. Four LSAs have been identified that in aggregate cover 

most of the GCIP domain, as shown in Figure 1.2; (c) Intermediate-scale area (ISA) 

that serves as the basis for the regionalization of the parameters and coefficients; and (d) 

Small-scale area (SSA) over which intense observing periods will take place. 

This study is in parallel to the GCIP LSA research activities. Major contributions to 

GCIP are expected from observational, comparative, and simulating aspects, respectively: 

(1) The observational study will characterize the large-scale vapor transport and the 

water balance for both the atmospheric and terrestrial components. The unique feature of 

the cloud water flux and the relative contribution of convection versus large-scale con

densation (or stratiform precipitation) will be exhibited. 
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Figure 1.1 The GCIP-Mississippi region; the Mississippi River basin. 
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(2) The comparative study will evaluate the performance of the large-scale short- to 

medium-range weather forecast model, namely ECMWF model, in regard to extreme wet 

episodes of climate and weather conditions. Through intercomparison between models and 

validation against observed data, the study will pinpoint various aspects of differences in 

the models, thus the possible deficit, which can be very useful in operational and research 

applications. 

(3) The simulating study will focus on the mesoscale behavior and the extreme 

mesoscale convective systems (MCSs), including MCC (mesoscale convective complex) 

and squall line. I believe that it has to be put up to the very limit of extemal forcing that the 

deep, fundamental governing relationships can be revealed at the most possible extent. 

This period of exceptional events provide such a chance to examine the mesoscale model 

performance. Results of both success and failure will be thoroughly examined to expose 

the physical reasons for them, and thus the line for further improvement. 

The contribution will lie below the unique large-scale circulation and extreme 

weather conditions, the documentation and investigation of the characteristics in associa

tion with these condition, and the discoveries of critical inadequacy in (both large and 

mesoscale) models to represent them. 

1.2 Review of Previous Work 

Extremely dry and wet episodes reflect the anomalies of large-scale atmosphere 

circulation patterns. Large SST anomalies were found in the tropical Pacific Ocean with 

strong La Nina conditions in 1988 and a mature EI Nino in 1993. Studies pointed out that 

the jet stream was displaced far north and well south of its normal location in 1988 and 

1993, respectively [NOAA, 1994; Trenberth and Guillemot, 1995]. Synoptically. similar 

patterns of large-scale atmospheric circulation existed for very wet episodes in the past, but 

this time it was more persistent [Kunkel et al., 1994]. Observation indicates a positive 
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phase of the North Pacific teleconnection pattern four months prior, with above- and 

below-normal cyclonic activity over the North Pacific and central North America midlati-

tudes, respectively. A major change of this pattern in late May set up strong zonal flow 

from the western Pacific to the eastern United States, causing intense cyclones to propagate 

into the Midwest during June, which triggered a series of intense convective complexes. In 

July, a persistent wave pattern with amplified southwesterly flow was established which, 

in conjunction with a quasi-stationary frontal boundary and sustained moisture transport, 

resulted in the incessant, excessive precipitation and flooding in the Midwest [Bell and 

Janowiak, 1995]. According to Walker et al. [1994] and Brakenridge et al. [1994], the 

heavy rainfalls were frequently caused by the nocmmal growth of large mesoscale con

vective storm complexes on the anticyclonic side of the strongly arched mid-latitude jet. 

An anomalously well-developed high pressure, anticyclonic circulation over the south

eastern U.S. during summer 1993 blocked westerly flow and favored a meridional flow of 

warm, moist Gulf of Mexico air into the upper and western portion of the Mississippi River 

basin, where it converged with unseasonably cool, dry air moving south from Canada. 

In addition to global signatures and large-scale teleconnection of the anomalous 

climate patterns, analyzing the hydrometeorology of these events is also important to 

establish typical features of moisture and energy transfer under extreme, persistent 

conditions. Many water budget investigations have been conducted during the past decade; 

for example, for global [Masuda, 1988a; Peixoto and Oort, 1992], continental [Bmbaker et 

al., 1993 and 1994], very large river basins like the Amazon [Matsuyama, 1992], the United 

States [Roads et al., 1994]. These studies were based upon either GCMs objective analysis 

data or observational data. As for the central United States, the diurnal variations of all the 

water budget components have been analyzed by Zangvil et al. [ 1993] for the 1979 summer 

season. Bradley et al. [1994] made the monthly and weekly computation of the water bud

get of the heavy rainfall in the Mississippi River basin in June and July 1993. 
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The devastating floods of 1993 posed a great challenge to our ability to predict the 

weather, and an excellent opportunity to examine our understanding, parameterization, and 

modeling of extreme precipitating systems. The floods have led to a new round of investi

gation, scheme updating, and proposing new parametrization towards better representation 

of meteorological and hydrological processes. For example, on 4 August 1993, the Euro

pean Center for Medium-Range Weather Forecasting (ECMWF) model (Cycle 48) 

adopted a new soil hydrology and atmospheric boundary layer formulation, due to errone

ous or inaccurate representation of heat diumal cycle, atmospheric boundary layer, and soil 

hydrology. In general, the new schemes have improved the precipitation forecast [Beljaars 

et al., 1993]. A smdy based on the analysis of monthly precipitation forecasts for July 1993 

illustrates that the monthly precipitation in the Upper Mississippi Valley is sensitive to 

initial soil moisture, but the increase in precipitation has not come from simple evaporation 

of initial soil moisture, but from some feedbacks, suggesting the importance of coupling 

between regional soil moisture and rainfall in the Mississippi River basin [Bens et 

ai, 1993b]. In a mesoscale smdy, Paegle et al. [1996] investigated the influence of surface 

evaporation upon rainfall and low-level flow in regional simulations by the University of 

Utah Local Area Model (LT-AM). They showed that the surface evaporation was more 

important to dynamically supporting rainfall (changing buoyancy and the resulting 

strength of Low Level Jet or LLJ) than providing additional moisture, and the LLJ diumal 

oscillation increased for drier surface conditions, providing more effective convergence 

patterns to support rainfall. 

From the macroscopic point-of-view, upward motion and convergence of water 

vapor are the two synoptic scale parameters determining deep convective precipitation. 

The major supply of moismre to the central U.S. comes from the Gulf of Mexico [Ras-

musson, 1968], and it becomes stronger during the wet episodes such as in July 1993 

{Bradley, 1994; Trenberth and Guillemot, 1995], specifically originating in the subtropics 



in the vicinity of the warm Caribbean Sea waters {NOAA, 1994]. A well-known fact from 

diagnostic studies of severe thunderstorms in the Midwestern U.S. reveals that the vertical 

transport of momentum by cumulus clouds cause an LLJ to form, and the convergence 

associated with the LLJ provides moisture to maintain the thunderstorm. This is confirmed 

in the July of 1993 case by many researchers [Mo et al., 1995; Berbery et al. 1995; NOAA, 

1994]. The dominant weather patterns for extreme dry and wet periods are in prominent 

contrast: it was displaced well north from its normal location for dry as in 1988, or well 

south of normal to its more spring-like location across central North America as in summer 

of 1993 [Trenberth and Guillemot, 1995; NOAA, 1994], Indeed, as pointed out before, the 

large-scale forcing was well-established in format of favorable configuration of synoptic 

patterns: the strongly arched midlatitude jet, and anomalously well-developed high pres

sure, anticyclonic circulation over the southeastern U.S. Regardless of all these findings, 

and the fact that the description of large-scale precipitation processes in meteorological 

models is reasonable, generally, the parameterization of mesoscale precipitation processes 

still remains poor, especially the parameterization of warm season convective precipitation 

[Shuttleworth, 1996]. The understanding and parameterization of cloud and convective 

storm dynamics are of vital importance to both numerical weather prediction and the study 

of global change. 

1.3 Objectives, Structure of Dissertation, and Scope 

Among the full spectrum of possible issues, this project will concentrate on the 

large-scale exureme hydrometeorology and its mesoscale prediction, in order to better un

derstand the large-scale characteristics and land-air interaction, to investigate the 

predictability by large-scale forecast models, and to evaluate and identify the inadequacy 

of mesoscale numerical weather models. 

According to the goal, the whole study plan can be divided into three relatively 
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separable phases. The large-scale water budget and land-atmosphere interaction charac

terize the first phase of study. It includes tasks to: (a) quantify the water vapor sourc

es/sinks and pathway to the Midwest for the 1993 flooding period, (b) investigate the 

characteristics of water vapor transport, and (c) extract the features of surface responses 

and ascertain how the precipitation/flooding heterogeneity is attributed to land-air 

interaction. 

The second phase of research activity will investigate the performance of the 

large-scale weather forecast model, specifically, the European Centre for Medium-Range 

Weather Forecast (ECMWF) model, including the ECMWF operational analysis/forecast 

and the re-analysis system, with comparison to observations. The purpose is to try to verify 

the behavior of large-scale numerical weather prediction and to understand the features of 

its products, which will be used as the first guess for creating boundary and initial condi

tions for the mesoscale model in the third-phase investigation. 

The last phase focuses on mesoscale simulation of the flood-producing precipita

tion events. It intends to: (a) assess the performance of the fifth-generation Penn 

State/NCAR mesoscale modeling system (MM5) in simulating the July 1993 extreme 

rainfall over the Midwest, and (b) diagnose necessary adjustments for improving model 

simulation, focusing on the surface-atmospheric interaction, surface hydrologic effects, 

and cumulus parameterization. 

The structure of this dissertation is therefore determined by the above study plan. 

As the main body of dissertation, major works will be presented in three chapters (Chap

ters 2, 3, and 4), also with detailed literature review that is particularly relevant to each 

chapter, data description, theoretic framework layout, analysis, and discussion. The first 

chapter (this chapter) introduces the problem, establishes the objectives, determines the 

structure of the dissertation, and briefly describes the study region. It also reviews the 

previous investigations. Chapter 5 will summarize the study and give the conclusions. 
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1.4 Description of Study Area 

The study area for the first- and second-phase studies is selected to cover the region 

where major floods occurred as shown in Figure 1.3. This encompasses most of the U.S. 

Midwest, in the Upper Mississippi River basin upstream from Cairo. IL. and the Lower 

Missouri River basin upstream from Hermann. MO. All National Weather Service coop

erative reporting stations that had experienced a 10-day precipitation event during June. 

July, and August 1993 with a return period of 25 years or longer [KunkeL 1994] are in

cluded in this area. Lateral streamflow inputs from outside water basins come from three 

locations: the outlet of Lewis & Clark Lake into the Lower Missouri River, the confluence 

of Northern and Southern Platte River into Platte Eliver. and the conjunction where the 

Republican and Smoky Hill Rivers merge into the Kansas River. For the MM5 simulation, 

the modeling domain is over the same region, but shifted to some extent to suit the opera

tional requirements by the model system. Chapter 4 provides a detailed description of 

experiment design and model domain. 

1.5 Summary of Methodology and Data 

1.5.1 Methodology 

The fundamental theoretical framework for the first two phases of this study is the 

mass balance equation for both the atmospheric and terrestrial branches. Different from 

other studies, the treatment of the water mass flow in this case consists not only of vapor 

form, but the liquid and solid form as well, which are considered in whole as condensed 

water or cloud water throughout the study. In the Lagrangian form, or follow the motion, 

the mass of water per unit mass of the atmosphere (specific humidity of vapor) is balanced 

by the molecular and turbulent eddy diffusion across the boundary of a moist air parcel, the 

evaporation/condensation rate of the air parcel, and rainout rate. The rate of condensation 

equals the rainout plus the cumulation rate of water (snow, ice) in the clouds. A frequent 
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simplification made in cloud parameterization and most vapor transport smdies is that wa

ter vapor falls out as precipitation as soon as it condenses, which is a pseudoadiabatic 

condition with the conservation of the equivalent potential temperature [Peixoto and 

Oort, 1992]. Physically, there is rarely such a case in the real version of cloud physics and 

dynamics, particularly in the midlatitude severe convective precipitating processes, in 

which the storage term is often as large as other terms, if not greater. One of the goals of 

this work is to show the importance of cloud water fluxes and the water mass storage 

component during e.xtreme rainfall events, a neglected part in previous large-scale atmo

spheric vapor transport investigations. 

By applying the general balance equation, the conservation equation for water 

vapor and condensed water can be obtained in the integral form, by using the divergence 

theorem, for any segment of a vertical air column with unit base. The advantage of a water 

budget equation in this form is that it holds even when mesoscale convective clouds grow 

frequently, and heavy rainfall has been produced, in which the hydrostatic equilibrium 

condition is no longer satisfied, such as during the 1993 summer flooding season. Ex

panding the segment up to the whole column from the surface to the top of the atmosphere, 

and all over the study area, yields the difference between the total molecular and turbulent 

eddy diffusion of water vapor and the sum of net precipitation from each atmosphere layer, 

which should be balanced by the terrestrial hydrologic cycle. 

While Phase I is to look into the observed data. Phase II will emphasize 

comparison. In addition to the above water budgets, more variables will be examined, such 

as soil moisture content, surface weather parameters, and so on. 

The last phase is a simulating smdy, which will use ECMWF twice-daily analysis 

and three-hour surface assimilation as the boundary forcing and initial conditions. The in

vestigation will pay special attention to the mesoscale convective system, which is the 

primary weather pattem responsible for torrential rain and flash floods over the Midwest. 
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Figure 1.3 Map of the study area: the Upper Mississippi River and Lower 
Missouri River basins. Dotted lines indicate the watershed boundaries of 
major rivers in the area, and solid lines indicate the major river courses. 
Bold solid lines illustrate the linearized boundary for computing the water 
balance. Total area within linearized bound; 907,286 km? Three inlets are 
Missouri R. at Yankton, SD, Platte R. near Overton, NE, and Kansas R. at 
Fort Riley, KS. One outlet station for the whole area is Mississippi R. at 
Thebes, IL. The control gauging stations for the Upper Mississippi and Lower 
Missouri R. are Grafton, IL, and Hermann, MO. respectively. 
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Figure 1.4 Map of the locations for the twice-daily upper air observations (U), 
daily potential evaporation (E), and hourly surface precipitation (p). There are 
totally 69 evaporation stations with 35 of them are inside the boundary, and 
366 out of 599 raingages are inside the boundary. The ECMWF/TOGA and 
ERA data are collected within the region of grid mesh (2.5 degree). Not shown 
are the 0.5-degree grids of the surface fluxes of TOGA data. 
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1.5.2 Data 

Series of observational and analysis data source will be utilized in each of the three 

phase studies. They include upper-air, surface, and supplementary variables at variant spa

tial and temporal resolutions. Observational data involve Rawinsonde measurement, 

satellite IR image, evaporative pan observation, raingage network records, climate division 

average, and surface observations. A map of showing the geographic distribution of several 

of the primary data used in the study is presented as Figure 1.4. Model output data consist 

of ECMWF operational analysis/forecast and re-analysis results. All data sources relevant 

to each study phase is also thoroughly described and documented. See Chapters 2, 3, and 4 

for details. 
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CHAPTER 2 

CHARACTERISTICS OF WATER VAPOR BALANCE AND LAND-ATMOSPHERE 

INTERACTIONS DURING THE 1993 MIDWESTERN GREAT FLOODS 

2.1 Introduction 

2.L 1 Overview 

From September 1992 to August 1993, a series of abnormally high precipitation 

events swept central Northern America. After the very wet autumn and heavy winter 

snowfall in 1992, the unprecedented devastating floods hit the Midwestern area. General 

contributing factors to this anomalous summer floods include: above-normal soil moisture 

levels at the early June 1993; large-sized area of moderate to heavy or extremely heavy 

rainfall, and the close orientation of rainfalls along the main stem of major rivers [Lott, 

September 1993; Kunkelet a/., 1994; Rodenhuis et al., 1994]. The most severe floods were 

concentrated on the Upper Mississippi River reach between Cairo, IL and Minneapolis, 

MN, and along the length of the Lower Missouri River from St. Louis, MO to Omaha, NE 

[Lou, September 1993], Actually, in 1993, monthly precipitation over this region was 

much greater than the historical 97-year average (1895-1991) for almost a whole year, and 

was the biggest in July (Figure 2.1). One of the key element of GCIP-Mississippi is to 

estimate the water budget and hydrologic cycle at large-scale. This study will fulfill 

GCIP's scientific goal in this particular, anomalous climate conditions. 

2.1.2 Objectives and Scope 

This part of work is the observational study as planned before, as the first of a series of 

investigations of the 1993 Midwest Great Flood. The main purpose here is to conduct a 

preliminary investigation using only measured data, focusing on large-scale characteristics 

of water vapor budget, and cloud activity. In the previous studies of atmospheric moisture 
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Figure 2.1 Monthly total precipitation over the study area; maximum, 
minimum, and mean for the period 1895 to 1991, with comparison to 
1992 and 1993. Data calculated based on the monthly climate division 
average data from NCDC. 
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budget, cloud water was ignored from the water balance equation (see Masuda, 1988a; 

Peixoto and Oort, 1992; Matsuyama, 1992; Roads et ciL, 1994; Zangvil et al., 1993). In 

fact, cloud water is negligible in the estimation of annual atmosphere water balance, and 

perhaps most importantly, the cloud water can not be accurately measured, so it is not easy 

to validate the calculation. Nevertheless, cloud could be a significant part of total moisture 

flux during extreme conditions, such as the exceptionally high rain during the 1993 

summer. 

Specifically, it aims to (a) quantify the water vapor sources/sinks and pathway for 

the 1993 flooding period in the Midwest, (b) investigate the characteristics of water vapor 

transport, and (c) extract the features of land surface responses and try to ascertain how the 

precipitation/flooding heterogeneity is attributed to land-air interaction. Primary method 

here is to use water balance approach in both the atmospheric and terrestrial branches to 

partition the components of hydrologic circulation. Section 2.2 describes the theoretical 

frame in this study and the computational procedures, along with the description of ob

served data. Section 2.3 presents the results and discussion of these results, including water 

vapor transport characteristics, cloud water flux, and large-scale land-air interactions, 

analysis of uncertainties. Finally the conclusions will be given. 

2.1.3 Study Area 

The study area (Figure 1.3) covers the Upper Mississippi River basin and the Low

er Missouri River basin upstream from Cairo, IL which is downstream from the confluence 

of the two major rivers. The area is such determined to include all the National Weather 

Service (NWS) cooperative reporting stations that experienced a 10-day precipitation 

event during June-August 1993, with a return period of 25 years or longer [Kunkel, 1994]. 

Streamflow inputs from outside water basins come from three locations: the outlet of the 

Lewis & Clark Lake into the Lower Missouri River, the confluence of the Northern and 



Southern Platte River into Platte River, and the conjunction where the Republican and 

Smoky Hill Rivers merge into Kansas River. The outmost river basin boundary has been 

linearized to facilitate budgetary computation and graphic presentation. 

2.2 Methodology and Observed Data 

2.2.1 Water Balance Equation 

The basic equation of atmospheric water vapor and cloud water can be written in 

the form: 

'h ,^,^D (2.11 
at 

^  =  c - . - p  ( 2 . 2 )  

where q and qc are the specific humidity for water vapor and suspended cloud water, re

spectively: D is the molecular and turbulent eddy diffusion across the boundar}' of moist 

air parcel: e, c\ and p are the evaporation, condensation and precipitation rate per unit mass, 

respectively. The rate of condensation c = the rainout rate + the cumulation rate of water 

(snow, ice) in the clouds. A frequent simplification made in cloud parameterization and 

most vapor transport studies is, that water vapor falls out as precipitation as soon as it 

condenses, i.e., in equation (2.2), p = 0 and c accounts for precipitation rate and q^. includes 

both suspended cloud droplets and raindrops, which is a pseudoadiabatic condition with 

the conservation of the equivalent potential temperature [Peixoto and Oorr, 1992, pp58]. 

Suspended cloud droplets move with the environmental bulk air. while rain drops fall out 

the volume at faster speed. It is one of the goals in this work to show the cloud water fluxes 

during extreme rainfall events, a generally neglected part in large-scale atmospheric vapor 

transport investigations. 

By applying the general balance equation, the conservation equation for water 

vapor and condensed water can be obtained in the integral form, with combined use of the 
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divergence theorem, for any vertical air column with unit base extending from ground to 

the top of atmosphere: 

where dv and ds denote the volume and surface integral respectively, E and C are the total 

evaporation and condensation within the column, and Vh, W the horizontal and vertical 

wind components. This form of water budget equation holds even when mesoscale con-

vective clouds grow frequently, and heavy rainfall is produced, in which circumstances the 

hydrostatic equilibrium condition is no longer satisfied. 

The summation of equation (2.3) and (2.4) gives the total water content in a seg

ment of air column. Expansion of the segment from surface to the top of atmosphere and 

all over the study area yields the difference between the total molecular and turbulent eddy 

diffusion of water vapor and the sum of net precipitation from each atmosphere layer, 

which should be balanced by the terrestrial hydrologic cycle: 

where , Qv and Wc, Qc are the total water content and horizontal transport across the 

boundary at outward normal direction for vapor and condensed water, respectively; and 

Eg, Pg are the evaporation and precipitation at ground. In equation (2.6), refers to total 

soil moisture, and A/? is the net runoff. 

dt 

dt 
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2.2.2 Procedure and Observed Data 

The procedure includes computations of the change of water vapor content, moist 

mass horizontal transport along the linearized boundary, evaporation, and precipitation 

over the region. All numerical computations are base on the scientific-quality observed 

data within the geographic rectangular area from -106®W, 35"N to -82"W, 50''N. In order 

to show the priori conditions for the 1993 summer flood, the investigation time period is 

extended to September 1992. Four seasons during the twelve months were defined as SON 

with monthly mean precipitation of 86.7 mm, DJF with 40.3 mm, MAM with 91.7 mm and 

JJA with 173.1 mm; comparing with long term average (1895-1991) for the same season: 

SON 62.4 mm, DJF 29,8 mm, MAM 73.2 mm, JJA 94.8 mm. For the convenience of cal

culation, the day-time and night-time used are defined as: 

day-time: 0600 to 1800 CST (1200 to 0000 UT) 

night-time: 1800 to 0600 CST ( 0000 to 1200 UT) 

Due to the heterogeneity of spatial resolution among different data categories, generally, 

spatially grided data (using distance inverse method) were used either on the linearized 

boundary or within the boundary. 

2.2.2. / Vector Transport of Water Vapor along the Boundary 

The NWS Rawinsonde (Mand/Siglvls)(E_BUFR) data were used to compute the 

vector transport of water vapor along the boundary, which contains twice-daily upper air 

observations at OOOOUT and 1200UT, at location as shown in Figure 1.4. The in-situ data 

were first integrated vertically from surface to wherever data are available (the top level of 

observed upper air ranges from 50 mb to several mbs), then grided over to 124 equally 

spaced (0.5 degree in distance) boundary segments. Finally the vector transport at each 

segment was obtained by multiplying the variate segment length with the meridional/zonal 

components. To indicate the direction of moisture flux across each segment of the linear

ized boundary, it is convenient to define both Northward and Eastward fluxes as positive. 
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and Southward and Westward fluxes as negative. 

2.2.2.2 Time Change Rate of Water Vapor Content 

The computation of change rate of water vapor content over the study area was 

performed based on the Rawinsonde data also. Likely, the vertical integral of the in-situ 

vapor mass was carried out first and then was grided into 67 quasi-equally spaced areas 

(13541 km" in average). The time change is the difference between the last time and the 

first time of each month. 

2.2.2.3 Evaporation 

Daily evaporation was calculated using the National Climate Data Center (NCDC) 

Daily Cooperative Summary (TD 3200 or Summary of the Day) evaporation 

measurements. The distribution of total 69 evaporation pans are indicated as in Figure 1.4. 

Daily values were added up for each month and then were grided to the 67 sub-areas as 

mentioned in last section to compute the area average. The evaporation term plus the con

densed water terms in equation 2.5 will be calculated first as the residual, than the 

condensed water term will obtained as the difference between the residual and observed 

evaporation. 

2.2.2.4 Precipitation 

The NWS Hourly Precipitation Observation was utilized to compute the monthly 

precipitation (for both day-time and night-time as pre-defined) over the study region, with 

366 out of 599 raingages residing inside the area. Map of raingage distribution is also 

shown as Figure 1.4. 

2.2.2.5 Change Rate of Soil Moisture 

Change rate of total soil moisture content (terrestrial water) can be obtained from 

equation 2.6. The ground-level evaporation and precipitation are calculated through pre

vious steps. Monthly runoff difference can be acquired by subtracting outflow at outlet 

(Cairo, IL) from inflow values at inlet sites (Lake Lewis & Clark, Platte R., and Kansas R.), 
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with using United States Geological Survey streamflow data. 

2.3 Results and Analysis 

2.3.1 Source, Sink, and Pathway of Water Vapor 

The vector transport of water vapor along the boundary illustrate a clear pattern of 

gaseous moisture transport tracks. This is shown graphically in Figures 2.2 through 2.5. 

which are three month total at day-time and night-time, and in meridional and zonal di

rection for four different seasons. As expected, there are two major vapor transport 

directions, and they are responsible for transporting bulk atmospheric moisture into/out 

from this area: the meridional flow brings in water vapor and the zonal flow takes out water 

vapor. The combination of the two directional transports determine the total water over the 

volume that is available for the production of precipitation and exchange with terrestrial 

hydrologic cycle. 

Table 2.1 lists the results of atmospheric water budgets for the 12 months, which 

shows that both the day-time and night-time (as defined before) net transport in meridional 

direction are net gain of moisture to the area, while both the zonal transport are net loss of 

moisture. The vector moisture fluxes imply that the Gulf of .Mexico is the major source of 

water, based on the fact that the semi-permanent jet streams play a dominant role in the 

surface wind and weather patterns. The wet 1992 winter and the 1993 summer floods are 

of course the major sinks of large-scale water vapor flux: 73.6% of SON precipitation 

comes from vapor flux, 72.8% of DJF, 52.5% of MAM, and 33.4% of JJA precipitation. In 

JJA period which is corresponding to the great flood in the summer of 1993, the moisture 

flux contribution accounts only for 33.4%, illustrating more complex and important role of 

water vapor recycling and air-land moisture feedback. 

Previous studies have shown larger-than-normal meridional vapor transport, for 

every individual storm cases [Bradly et al., 1994], and for the North America [Brubaker et 
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al.,1993], This points out that relative stronger meridional flux is responsible for the un

usual heavy precipitation of 1992 winter (November, December, and January) and 1993 

summer (JJA). In other words, the taking-out zonal transport became relatively weaker, so 

the taking-in meridional process could be able to contribute more moisture to the region. 

Most importantly, it needs to know what were the responses of other components to this 

forcing, and the triggering mechanisms for producing heavy rainfall. 

Table 2.1 Components of water balance: moisture convergence, change rate of precipitable 
water, precipitation (data in brackets are equivalent height in mm), residual, evaporation, 
observed potential evaporation (and pan-coefficient) and cloud water change/transport 
(data in brackets are percentage of total monthly precipitation). Day-time and night-time as 
defined before. Negative values indicate net loss from the area. Units in kg/s for 12 hours. 

Qc f)t HI stdiiul Eg ^Obsfn't d Qr jf 

month ( meridional) ( zonall [heiehtl (cloud water) 
(1) (2) (3.1) (3.2) (4) (5.1) (5.2) (6) (7) (8.1) (8.2) (9) 

9/92 dav 1.578e+9 -5.02 le+8 3.422e+8 1.319e+9 [62.801 5.850e+8 5.850e+8 2.72e+9 (0.22) 
nieht 1.164e+9 -7.235e+8 -5.995e+8 1.044e+9 [49.731 4.302e+6 4.302e+6 N/A 

10/92 dav 1.234e+9 -8.680e+8 2.529e+8 3.709e+8 [17.661 2.570e+8 2.570e+8 2.05e+ g  (0.14) 
nieht 8.908e+8 -6.5I2e+8 -2.184e+8 4.710e+8 [22.431 l.299e+7 1.299e+7 N/A 

11/92 dav 2.229e+9 -1.41 Ie+9 -1.638e+8 l.2l6e+9 [57.901 2.349e+8 2.349e+8 
nieht 2.0I9e+9 -9.402e-H8 -l.487e+8 1.039e+9 [49..501 -1.88e+8 -1.880e+8 •N/A 

12/92 dav I.396e+9 -7.536C-H8 -l.l45e+8 5.430e+8 [25.851 -2.14e+8 -2.I47e+8 
nieht 1.531e+9 -l.I.56e+9 5.1 14e+7 4.626e+8 [22.021 1.38le+8 N/A 1.38le+8 [7.31 

1/93 dav 1.502e+9 -1.088e+9 I.682e+8 4.989e+8 [23.751 2.53 le+8 2.53 le+8 
nieht 1.424e+9 -1.378e+9 -7.790e+7 4.230e+8 120.141 2.986e+8 2.530e+7 2.730e+8 129.61 

2/93 dav 6.699e+8 -4.37 le+8 3.498e+7 3.0.57e+8 [14.561 1.079e+8 1.079e+8 
nieht 7.022e+8 -5.667e+8 -6.423e+7 3.034e+8 [14.441 1.036e+8 1.080e+7 9.30()e+7ri5.i 

3/93 dav 6.98 le+7 4.767e+8 2.532e+8 5.768e+8 [27.461 2.835e+8 2.83.5e+8 
nieht I.943e+8 2.973e+8 -2.647e+8 5.523e+8 [26.291 -2.04e+8 -2.04le+8 N/.A 

4/93 dav 7.968e+8 -4.615e+8 5.257e+8 9.753e+8 [46.441 1.165e+9 1.16.5e+9 2.42e+9 (0.5) 
nieht 1.580e+9 -8.482e+8 -2.9l3e+8 1.068e+9 [50.891 4.551e+7 4.55le+7 .\/A 

.5/93 dav I.784e+9 -7.382e+8 4.995e+8 1.203e+9 [57.281 6.567e+8 6.567e+8 3.07e+9 (0.24) 
nieht 1.831e+9 -1.95 le+9 -6.340e+8 1.398e+9 [66.611 8.843e+8 6.57Ge+7 8.190e+8 131.51 

6/93 dav 2.519e+9 -8.725e+8 8.015e+8 1.8.50e+9 [88.121 1.004e+9 1.004e+9 3.50e+9(0.32) 
nieht 2.732e+9 -1.383e+9 -3.473e+8 1.906e+9 [90.771 2.l06e+8 l.OOOe+8 I.106C+8I31 

7/93 dav 3.71 le+9 -1.984e+9 9.632e+8 2.583e+9[ 123.01 1.819e+9 1.819e+9 3.59e+9(0.S6) 
nieht 2.367e+9 -2.566e+9 -1.098e+9 1.864e+9 [88.761 9.646e+8 1.820e+8 7.830e+8 1181 

8/93 dav 1.223e+9 -9..546e+8 1.059e+9 I.556e+9 [74.111 2.347e+9 2.347e+9 3.4()e+9{0.76) 
nieht 5.179e+8 -1.673e+9 -1.495e+9 1.142e+9 [54.411 8.020e+8 2.347e+8 5.670e+8 (211 

The anomalous displacement of the jet stream, the major weather pattern deter

mining the weather pattern over central North America, can also be identified from the 
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variation of vapor fluxes. It dropped far below the normal position (along U.S.-Canadian 

border), crossing the Midwestern states in the warm months of 1993, allowing the mixture 

of the unseasonably cool air from Canada and the warm, moist air from the Gulf of Mexico 

[NOAA, 1994]. In March, the exit of the southerly arched jet stream propagated to the 

Midwest, resulting a totally southward meridional flow, and an abnormal, positive net 

zonal flux (Table 2.1) due to greatly amplified oscillation of the undulating jet (Figure 2.6). 

As a result, the moist air flux from the Gulf of Mexico was great reduced to about only 2 

to 10% of net transport of other months (Table 2.1 and Figure 2.7(a)). This raises another 

condition in favor of extreme precipitation; the arched jet must not induce too strong 

southerly flow to retard the northward meridional flow. Chronologically, March of 1993 

was a transient time between the two anomalous periods: the winter of 1992 and the sum

mer of 1993. The devastating floods had to happen because the jet would retreat to the 

position where mixture of cold/warm air would maximize due to increased warm moisture. 

The oscillation of jet stream was related to another important event occurring at the same 

time: the superstorm of March 1993 over the northem Gulf of Mexico, or "the storm of the 

century". Developed rapidly from a surface low pressure, it moved northeastward along the 

eastern seashore, producing record-breaking rainfall and snowfall [Hiio et cil.. 1995: Loit, 

May 1993]. Therefore, most of the moisture and moist static energy were consumed locally 

than would otherwise flow northward into the Midwest. The extremely low pressure sys

tem activated the amplification of the jet undulation. 

In contrast to March, August was another turning-point of the anomalous circula

tion, featuring very strong westerly and amplified southwestern inflow as illustrated in 

Figure 2.6: vector transport both along Nebraska, Kansas and the eastern part of Midwest 

enhanced greatly, reflecting the repositioning effect of the jet waves by (see NOAA [1994] 

for the weather pattern). This can be verified through the southward vector transport at the 

southeastern comer of the region, where usually the vector transport took place in the op
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posite direction. The recession process took place primarily at night, because the vapor 

inflow/outflow were bigger during night. The final effects of this variation led to a de

creased meridional gain due to atmosphere divergence. 

It will be very interesting to see how the movement of the westerly and the land 

process interacted with each other, and what was the influence on rainfall production? 

The total vapor transport (across the region) for the four seasons are listed in Table 

2.2. In comparing the amount of meridional with zonal flux, the meridional transport of 

water vapor are a factor of 2 to 3 smaller than zonal transport, yet they did play an essential 

role in maintaining the water balance as well as the atmospheric energetics. This result is 

consistent to the global observations under general conditions [Peixoto and Oort, 1992, 

pp287]. Does this mean that the Great Flood took place under the normal conditions? The 

answer is what dose matter is the net gain or loss to the region, and the weather pattern in 

association with it. 

Table 2.2 Total moisture transport across the boundary (including both 
coming-in and going-out) for the four seasons, of the meridional and 
zonal direction components. Units in kg/s for 12 hours. 

Season Meridional Zonal 

SON 
DJF 
MAM 
JJA 

2.50035e+10 5.71813e+iO 
I.l0948e+I0 3.98235e+10 
1.38385e+10 3.3l041e+10 
4.l9657e+I0 9.0I447e-(-10 
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Figure 2.2 Vector transport of water vapor in September, October, and 
November 1992 (SON): (a) meridional-day, (b) zonal-day, (c) meridional-night, 
and (d) zonal-night. 
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Figure 2.3 Same as Figure 2.2 except for December 1992, January and 
February 1993 (DJF). 
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Figure 2.4 Same as Figure 2.2 except for March. April, and May 1993 (MAM). 
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Figure 2.5 Same as Figure 2.2 except for June, July, and August 1993 (JJA). 
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Figure 2.6 Vector transport of water vapor in March and August 
1993; (a) meridional-day, (b) zonal-day, (c) meridional-night, and 
(d) zonal-night. 
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2.3.2 Diumal Variation 

Some of the water vapor budget components have obvious diurnal variation char

acteristics, for example, the diumal change of sensible heat flux and evapotranspiration in 

the atmospheric boundary layer due to the diumal cycle of radiation forcing. Diumal cycle 

of other meteorologic variables have also been well documented through many researches, 

and it is also important to investigate the daily variation of water balance, in order to com

pare with long term variability. 

A significant diurnal change is apparent in the change rate of total precipitable 

water and evaporation as expressed in Figure 2.7fb) and fd). The time change rate of total 

precipitable water are generally one order of magnitude smaller than other components, but 

in SON and JJA, the diumal variation became much stronger, indicating vigorous vapor 

recycling. It is also evident that, atmospheric water content increased in day-time and de

creased in night-time in most months, which was highly related to the diumal cycle of 

evaporation. Moreover, from Table 1, it can be seen that the day-time net gain of water 

vapor (summation of column 3.1 and 3.2) are almost always greater than that at night-time, 

although this diumal variation is not as significant as those of precipitable water content 

and evaporation, another factor related to precipitable water. 

The precipitation daily pattern shifted from wet conditions (day-time greater than 

night-time) to the opposite to relatively dry conditions, as can be identified in Figure 2.7(c). 

The Upper Mississippi River Valley and Lower Missouri River basin experienced a wet 

autumn and a heavy winter snowfalls in 1992. with 54% snowfall at day-time both in the 

month of November and December, resulting in depletion of precipitable water even in 

day-time period. 
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Figure 2.7 Presentation of temporal variations of the 12-month water 
balance components. Data shown are monthly total (units kg/s for 12 
hours) over the study area, for day-time and night-time as defined 
before. 
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2,3.3 Estimation of Evaporation and Cloud Change/Transport 

Although the diurnal change of evapotranspiration is quite identifiable based on the 

knowledge of daily radiative cycle, accurate estimation of evapotranspiration has turned 

out to be difficult. Soil moisture content, radiation transfer near ground surface, vegetation, 

and the boundary layer conditions all have significant impacts on the coupled hydro-

thermal-dynamic and bio-geo-chemical processes within a few meters below and a few 

hundred meters above the ground. For the surface area as large as the study region, the 

aggregation of small spots or points to the whole region is yet another difficult scaling 

problem. 

Observed pan evaporation are partially available for September and October 1992. 

and from April to August 1993 at 35 stations within the study boundary. It is difficult to get 

the accurate representation based on these point values due to the unknown heterogeneity 

of soil moisture distribution, missing data, and lack of surface radiation data. However, 

with roughly selected pan coefficient ranging from 0.2 to about 0.76 for average climatic 

conditions [Shuttleworth, 1993], it is still possible to come up with the separation of night

time evaporation from the total residuals. Generally, no more than 10% of day-time evap

oration were given as the night-time evaporation (according to field measurements and 

statistics on evaporation in the U.S. Midwest, which indicate that the evapotranspiration 

during night to the daily total is less than 0.08 [Kiinkel, 1992]). 

Basically, the estimated evaporation for the 12 months are less than the normal 

values, as the selected pan coefficients are less than the normal values (0.4 to 0.85). Model-

estimated monthly potential evapotranspiration at selected sites also illustrated lower evap

oration comparing with 30-year average in Minneapolis, MN, Des Moines, lA, and St. 

Louis, MO, primarily due to many cloudy days accompanying the frequent rains, and to 

lesser extent because of lower temperature [KunkelA994]. It is also worth noticing that the 

soil moisture in northwest Missouri climate divisions was higher than field capacity and 
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near saturation but never saturated. In the Upper Mississippi River watershed, the soil 

moisture deviation from long term average reached the greatest in August with the second 

greatest in July, which were two to five times larger than in any other months [Kiinkel and 

Wendland, 1995], The nearly saturated soil moisture in July and August explains the much 

higher evaporation in these two months than in the remaining months. 

As soon as the day-time and night-time evaporation were determined, the change 

and/or transport of condensed water can be separated from the total calculated residual at 

night-time in order to balance the water budget, because the residual term include both the 

evaporation and condensed water for night-time. For several months, the night-time evap

oration is too small or even in condensation situation, therefore cloud water flux was 

unable to be identified (denoted as N/A in Table 2.1). Two aspects of condensation might 

take place in relation to the atmospheric water budget: change of total cloud amount within 

the volume and net transport of cloud water into or out from the boundary. Generally, both 

the time rate of change of liquid/solid water in clouds and their horizontal transports can be 

neglected, except in the case of dense cumulonimbus clouds in the tropics or over warm 

ocean currents [Peixoto and Oort, 1992]. However, they are not negligible in these extreme 

events, and most significantly, there was a great amount of condensed water transport 

during JJA period, the primary time of 1993 Great Flood. The total clouds transport is 

estimated to be 31.5% of the total rainfall in May, 20% of the total rainfall in July and 

August, and a relative low cloud transport/change in June. This may be one of the critical 

anomalous factors that must be taken into account when doing a forecast or simulation. 

As estimated above, only the nocturnal flux of condensed water or cloud water is 

able to be investigated. This doesn't mean that there was no condensed water transport in 

day-time. However, it would be much less if the total amount of cloud transport keeps 

constant for both the half days (saturated vapor density doubles for every 10°C temperature 

increase, so most of the liquid and solid water would evaporate en route, in agreement with 
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the fact that the net moisture gain of day-time was larger than night-time for most of the 

months). This can not be accurately evaluated unless accurate observed daily evaporation 

exists. Nonetheless, the condensed water term includes both the amount of change of cloud 

water and net flux across the boundary, so there are more uncertainties in estimating cloud 

water flux. 

2.3.4 Estimate of Moisture Condensation 

Atmospheric condensation was estimated to verify the condensed water 

change/transport variation. Although the kinematic method is not suggested by Holton 

[1992, pp80] to estimate the vertical velocity due to the fact that measured wind has large 

errors in the higher levels of upper air, there are still many applications using this approach 

[Zangvil et al., 1993; Portis and Lamb, 1988], under the condition of correction 

procedures. A simple method to be used is described in following. First, the condensation 

process is defined as the time change of saturated specific humidity of an air parcel. From 

the Clausius-Clapeyron equation and the first law of thermodynamics, the unit-mass con

densation rate can be written as: 

dqs _ LcR-CpRwT _ 
—  o "  9  O  ^  —  t • ( _ . ( j  

d t  P  c p R w T ~ + q s L ~  

where ^.^-saturated specific humidity, T-temperature, P-pressure, L,-latent heat for con

densation, /?-gas constant for dry air, /?v»-gas constant for vapor, c),-specific heat for dry air 

at constant pressure, co -vertical velocity at p-coordinate, and Fcan be called condensation 

function. Second, the occurrence of condensation is defined as when the atmosphere is 

saturated and the air is ascending (co < 0). Because this ideal model doesn't consider the 

dynamic processes, it is not possible the moist air could be really saturated iq = q^)- This 
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has been verified through the twelve months, even under heavy rainfall conditions. So a 

saturate factor of 0.85 to 0.9 is selected as the threshold for air parcel saturation. Finally, 

use the same mesh grid as before (0.5 x 0.5 degree mesh), the upper air rawinsonde data 

can be interpolated. Calculation of divergence at every grid point was performed by 

centered-difference method. Condensation is given by the vertical integration of pclq^/dt 

over the whole area and each layer: 

Figure 2.8 is the result of monthly diurnal condensation vs. precipitation. It shows 

that for some months, the atmosphere condensation is capable of achieving the amount of 

precipitation. For the other months, however, condensation is much smaller than the 

corresponding precipitation amount. Two things play the role: first, temporal resolution. 

Due to the fact that generally atmosphere saturation takes place within a short time (nor

mally less than I hour), so it is not surprising if the data underestimate the precipitation by 

computing the condensation from the twice-daily samplings. In addition to temporal reso

lution, the low spatial resolution of the rawinsonde network (21 stations over about I 

million km") is responsible for the under-capture of the heterogeneity of atmospheric con

densation under anomalous conditions. Condensation represents large-scale precipitation, 

or stratiform precipitation, which is normally associated with large-scale atmosphere 

lifting such as being with a front system or cyclone. It can not reproduce the fine-scale 

extremes unless an adequately high resolution observation network is employed. In the 

warm months the continental precipitation change from large-scale stratiform type to the 

cumulus convection type. Total amount of precipitation is frequently dominated by con-

vective rainfall, such as thunderstorm. The difference between total precipitation and 

condensation delineates the feature of convection activity. 
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2.3.5 Land-Air Interaction and Seasonality 

The hydro-cycle (atmospheric branch and land branch) is extremely complicated in 

terms of relationship with a series of simultaneously occurring meteorological and hydro-

logical processes. The production (occurrence, rate and duration) of precipitation is the 

comprehensive results of atmospheric forcing and surface responses. Theses interactions 

include some thermodynamical, biogeochemical, and mechanical processes which control 

the exchange of heat, momentum and water (moisture). The interaction pattern, which 

corresponds to the climate pattern in a long run, can be partly deprived from the ground 

properties such as topography, landuse type, vegetation coverage, soil moisture, etc. Due 

to the diabatic characteristics of short-term climate variation, the energy needed for the 

evolution of atmospheric circulation at time scale longer than one week can not be com

pensated only by converting potential energy within the atmosphere. So for climate 

anomaly like the Midwest high rain and floods, which lasted for more than three months, 

the boundary forcing or the land-surface interaction should manifest. 

One approach to investigate land-air interaction is to identify the effects of water 

mass flux across the air-land interface. From Table 2.1, the recycled water was very low in 

SON (16.6% ) and DJF season (27%). Evaporation increased to 49% of the total rainfall in 

MAM. Recycled rate of water achieved the most (65.6%) in JJA period mainly because of 

the near saturation situation for most part of the surface. Due to cloudy weather conditions 

during JJA, evaporation was primarily controlled by soil moisture content, and with the 

increase in soil moisture, evaporation increased almost all the way from May. to reach the 

largest in August, the only month with atmosphere vapor divergence. So evaporation was 

an important factor contributing to the 1993 summer floods. In summary, precipitation 

more was related to moisture flux in SON and DJF. and to evaporation also in MAM and 

JJA. Although precipitation normally increases along with increases of evaporation as 

pointed out by Mintz [1984], this actually depends on the time scale of consideration. This 
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is illustrated in Figure 2.9, which displays the four components of the atmospheric water 

balance. 

An approximate four-month cycle in evaporation can be roughly identified from 

Figure 2.9(a): total monthly evaporation at surface achieved maxima at September 1992, 

January 1993, April 1993, and September 1993, respectively. This long-term oscillation of 

evaporation should reflect the feedback of deep soil moisture and energy to external forc

ing, a low-frequency (about greater than four-months) thermodynamical response to 

precipitation. Furthermore, under wet conditions, it took two or three months for precipi

tation to reach local maxima after evaporation reached its maximum values. Two or more 

months time delay is therefore needed, before the accumulative effect of the deep soil 

moisture/energy flux can activate persistent, deep moist convection. Identification of the 

long-term variation, which is usually also coupled with the diurnal cycle, is very important 

to unlock the land-air interaction scheme. Due to continuous precipitation, fairly large 

amount of warm, moisture was able to penetrate into deep soil layer. Therefore, the release 

of soil moisture and heat from underneath deep soil layer could persistently trigger the 

formation of convective cumulus clouds. 

As for short-term, two basic types of quarter-daily land-air interactions can be 

identified from Figure 2.10. First, a regular distribution pattern of six-hour precipitation 

and surface temperature exists, being symmetrical to each other at noon (1200 LST) as in 

September 1992, January and JJA 1993; and, the precipitation and temperature variation 

had the same phase as for November and December of 1992. The clear or regular patterns 

were highly related to large precipitation and more accurately, soil moisture content: Sep

tember 1992 was actually the last month of the wet autumn of 1992; November and 

December of 1992, January 1993 featured heavy snowfall, (the top wettest winter seasons 

of this century); and JJA were then the period corresponding to the flooding. Thus, under 

wet conditions, the daily precipitation heterogeneity reflected the daily variation of ground 
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feedback in a way, and the effective surface responses occurred 6 hours earlier in warmer 

months. 

Calculation of terrestrial water budget indicated accumulation of total surface water 

over the whole area in general (Figure 2.9(b)), except for April and August 1993, during 

which existed 3 mm and 60 mm depletion of soil water, respectively. It is clear that the 

pattern of change rate of surface water was primarily determined by precipitation. Evapo

ration generally increased along with the increase of soil water on the ground. 

2.4 Summary and Conclusions 

The analysis indicates that atmospheric convergence (net vapor transport) was the 

major contributing factor to the extreme precipitation events, particular for heavy snowfall 

in 1992 winter. The two moisture flow components had distinct effects regarding the pro

duction of precipitation: the meridional had always positive effect, while the zonal 

transport almost always had negative effect. The atmospheric circulation during the twelve 

months did relatively weakened the zonal negative effect by posing a strong-arched jet 

stream in central North America, thus, allowed great increment of meridional vapor flow, 

which provided opportunity for mixing of cold/warm air and so the formation of anoma

lous precipitation. Another necessary condition for consecutive heavy precipitation is 

highly related to the fact that the jet stream may not displace overly as to retard the south

erly from the Gulf of Mexico. March and August of 1993 were two months corresponding 

to large-scale atmospheric circulation pattern. 

The components of atmospheric water balance illustrated apparent diurnal varia

tions (even precipitation had some sort of day-time and night-time variation). Atmospheric 

precipitable water generally increased during the day and decreased during the night in 

consistence with the diurnal change of evaporation. 

Partially with the aid of observed potential evaporation, the day-time and night
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time evaporation can be separated. This is a neglected part for most of the studies in the 

past. The possibility to estimate the condensed water change/transport indicates a major 

feature of the 1993 summer precipitation. This property has to be taken into consideration 

in either atmosphere water budgetary study or numerical weather prediction. 

The total precipitation was determined by the combinational effects of atmospheric 

vapor flow (large-scale moisture convergence), surface evaporation, and condensed water 

change/transport for the exceptional high rainfalls in the summer of 1993. The extent of 

dependence changed through the 12 months: the recycled water became more important in 

JJA than in SON. Land-air interaction played an important role in the summer precipita

tion; both the largest vapor convergence (June) and divergence (August) occurred in JJA. 

There existed a long-term surface moisture circulation with a cycle of longer than three 

months. Under wet conditions (September, November, and December 1993, and January 

and JJA of 1993), the quarter-daily precipitation heterogeneities reflected the variation of 

the corresponding land-surface responses. 

2.5 Uncertainty Analysis 

Three major uncertainty areas must be taken into account in this study. First, the 

vapor budget calculation based on the balance equation must be carried out over a large 

area, say, one million km", or larger as recommended by Rasmusson [1977]. Although the 

area of the study region (0.92 million km") is slightly smaller than that, it is big enough for 

the analysis of extreme events as of 1992 winter and 1993 summer precipitation. However, 

for the months with less net vapor transport, the uncertainty may be higher; for example, 

the condensed water percentage with respect to rainfall in January 1993 could be overes

timated due to overestimated vapor transport in night-time. Second, the results is highly 

dependent on the quality of measurements, especially in the upper air components of mois

ture balance. There are frequently missing data in upper air observations at 250 mb above 
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which were linearly interpolated from the adjacent levels in this study. However, most of 

the water vapor is contained below this level, so the error can be greatly reduced. Sensitive 

study based on different missing data processing methods indicated that only less than 1 % 

cases of the total 15330 vertical integrations have changed more than 1%, with the mag

nitudes are smaller than the unchanged. Finally, temporal and spatial resolution of the data 

is critical to calculate an accurate representation of temporal and spatial average. It seems 

that the use of the twice-daily upper air observations is able to capture the diurnal and 

spatial variations to the first order over the study area. 
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CHAPTER 3 

ECMWF RE-ANALYSIS/OPERATIONAL ANALYSIS FROM SEPTEMBER 1992 TO 

AUGUST 1993 IN CENTRAL NORTH AMERICA 

3.1 Introduction 

As discussed before, from as early as May until mid-August 1993, a series of severe 

flooding events had swept the Upper Mississippi and the Lower Missouri River basins. The 

disastrous floods were caused directly by the persistent medium to extremely heavy pre

cipitation during that time period with close orientation to the major rivers in the area [Lott. 

1993; Kunkel et al., 1994; Rodenfiuis et ai, 1994). Studies on large-scale atmospheric cir

culation pointed out that the jet stream displaced well south from its normal location (along 

the U.S.-Canadian border) at that time [NOAA, 1994; Trenberth and Guillemot, 1995]. 

Furthermore, the large-scale weather patterns in the summer of 1993 were found similar to 

the ones associated with heavy rainfall events in the past but more persistent [Kunkel etciL, 

1994]. Large SST anomalies were found in the tropical Pacific with a mature El Nitio in 

1993 [Trenberth and Guillemot, 1995], and a persistent, positive phase North Pacific tele-

connection pattern was observed four months prior to the onset of the floods [Bell and 

Janowiak,\995]. According to Walker et al. [1994] and Brakenridge et al. [1994], the 

heavy rainfall was frequently caused by the nocturnal growth of large mesoscale convec-

tive storm complexes on the anticyclonic side of the strongly arched mid-latitude jet 

stream. An anomalously well-developed high pressure, anticyclonic circulation over the 

southwestern United States during the summer of 1993 blocked westerly flow and favored 

meridional flow of warm, moist Gulf of Mexico air into the upper and western portions ot 

the Mississippi River basin, where it converged with unseasonably cool, dry air moving 

south from Canada. 

The Great Flood of the U.S. Midwest presented a big challenge to the short- and 
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medium-range weather forecast. Based on the results from a parallel run during July 1993. 

the ECMWF (European Center for Medium-Range Weather Forecasts) implemented its 

new operational forecast system model cycle 48 on 4 August 1993 to replace its old model 

version model cycle 47 [Beljaars et al., 1993]. The new model performed much better in 

precipitation forecasts, in which the revised land-surface scheme was the main contributor 

[Beljaars et al., 1996]. 

In addition to short- and medium-term weather forecasts, the ECMWF data assim

ilation system uses state-of-the-art data assimilation/analysis methods to produce more 

reliable analysis data sets for a range of diagnostic investigations of seasonal/interannual 

variability, model validation, and predictability studies. ECMWF has created and main

tains a level III Atmospheric Data Center for the Tropical Ocean and Global Atmosphere 

(TOGA) project, as part of its efforts in support of projects associated with the World Cli

mate Research Program (WCRP). The ECMWF/TOGA data sets are based on analysis and 

forecasts from the ECMWF model. ECMWF is also undertaking an Re-Analysis (ERA) 

project, reanalyzing the data using a special version of operational data assimilation system 

and model to provide 15 year (1973-1993) homogeneous data sets. The differences be

tween these two data sets are summarized in Table 3.1. Setts et al. [1998] analyzed the 

surface energy and water balance from the ERA data for the Arkansas-Red river basin 

across different time scales. Their study indicates a valuable description ot surtace energy 

and water balance at that spatial scale, and a significant spin-up problem of precipitation 

forecast, among other useful results, especially those related with diurnal variations and 

ERA forecast to analysis cycles. 

The objective of this work, as the second phase of the study plan, is to carry out a 

comparative study of the ECMWFA'OGA operational analysis/forecasts and ERA results 

and with conventional observations for the period of September 1992 to August 1993. Our 

study differs with Betts' by a different, larger river basin over the Midwest, by focusing on 
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the large-scale, both terrestrial and atmospheric branches water balance of the 1992-1993 

extreme wet episode, and also by (monthly) intercomparison of ERA, TOGA and Obs. 

Prediction of large-scale extreme weather conditions is not only very important but also 

very difficult. The 1993 Great Flood is such a case that can be used to assess the overall 

performance of the ECMWF system. The comparative results are also essential to predict

ability studies such as mesoscale weather forecast and sensitivity analysis which use 

ECMWF analysis or re-analysis as boundary forcing and initial conditions, and to atmo-

spheric/hydrological budgetary studies as well. 

Section 3.2 will describe the study area. data, and methodology. Section 3.3 deals 

with the results and the detailed comparison from several different aspects. The last section 

summarizes the results and analysis. 

Table 3.1 Summary of model and data features in ECMWF/TOGA and ERA. 

ECMWF/TQGA ERA 
Contents 
Surface fluxes 

uninitialized analysis 
24-h accumulated forecast 
(STEP 36-12 from 12Z) 

Horizontal resolution T213, 360/213=1.7", resolves 0.8" 
N160, 0.5625'^, grid spacing 60 km 

—data supply 2.5" , 2x/day 
T106/N80,4xyday 

Vertical resolution 31 levels between surface - 30 Icm 
—data supply 15 levels 

Air-sea interaction 

Boundary layer 

Soil moisture/ 
temperature 

equal transfer for momentum 
and moisture 

no boundary layer entrainment 

3 layer soil scheme with climate 
deep boundary condition 

initialized analysis 
6-h accumulated forecast from 
OOZ /12Z (STEPS 18-12/2-1-18) 

Spectral T106L31 
Gaussian N80( 1.125") 
2.5" available 
4x/day for all resolutions 

31 hybrid model levels 
17 levels 

modified roughness length, 
and air-sea coefficient 

simple entrainment at the top 
of PBL; increased entrainment 
in shallow clouds 
4 layer scheme with soil 
moisture nudging 
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3.2 Description of Study Area, Data, and Methodology 

3.2.1 Study Area and Data 

•A. map of the central North America which has experienced the heavy snowfall 

winter in 1992 and the devastating flooding summer in 1993, is shown in Figures 1.3. The 

linearized river basin boundary is intended for the convenience of water budget 

computation. It is the same as used for the observational study. 

As spatially presented in Figures 1.3 and 1.4, several categories of data for the 

period from September 1992 to August 1993 have been used in this study. They were ob

tained from multiple sources and agencies. The upper-air and surface (supplementan,') 

parameters of ECMWF/TOGA came from the National Center for Atmospheric Research 

(NCAR) archives of ECMWF/TOGA Global Surface and Upper Air Analysis, which con

tains selected analyzed values at 2.5 latitude/longitude degree for twice a day (OOZ and 

12Z). The ground fluxes (precipitation, latent heat, sensible heat, and radiation flux, etc.) 

were obtained directly from ECMWF of its ECMWF/TOGA Extension Data Set. They are 

values accumulated over a 24-hour period at 0.5 regular latitude/longitude grids. The ERA 

data were obtained from NCAR's archive of ECMWF Re-analysis Level III-B Global 

Surface/Upper Air/Supplementary Data. Details of the two data sets are listed in Table 1. 

Observations of upper air and surface variables include the National Weather Service 

(NWS) Rawinsonde (Mand/Siglvls) twice-daily measurements (OOUT and 12UT). and the 

Hourly Land-Surface observations from the National Climate Data Center (NCDC). Ob

served ground precipitation data were downloaded from the Hourly NCDC Precipitation 

Data Set (NCDC EB3240). The Daily NCDC Cooperative Summery (TD-3200) data were 

used to compute evaporation potential over the area. In addition, NCDC Climate Division 

Precipitation Data were utilized as a reference to process the missing data of hourly 

precipitation. United States Geological Survey (USGS) streamflow data (daily mean) at 

several control stations will be used to compute both daily and monthly discharge and net 
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runoff from the two river watersheds. 

AJl atmospheric model data aforementioned (operational analysis and re-analysis, 

and upper-air observations) are maintained by the relative agencies in the World Meteo

rological Organization (WMO) FM GRIB format, and the observation data are in E-BUFR 

format. In this study, they were decoded first and then a rectangular area that covers the 

whole Upper Mississippi and Lower Missouri River basins were selected for each data 

category. 

3.2.2 Methodology 

The comparison will focus on the hydrological cycles on a monthly basis. The 

water balance in TOGA, ERA and observations (Obs) will be e.xamined for the volumetric 

area that stands vertically from the linearized boundary up to the top of atmosphere. First, 

the unit length moisture flux of zonal (x) and meridional (y) direction at grid or sounding 

station I has to be calculated as vertical integration of moisture tlux at every layer from 

surface ipo) to the top of atmosphere: 

T O P  / ' N  

q f  =  J p i z ) u { z ) d z  =  ̂  j p , ^ q u { p ) d p  (3 .1)  

0 b 

T O P  P N  

q f  =  J p { z ) v i z ) d z  =  -  I p , ^ q v { p ) d p  (3 .2)  

I) 1) 
Integration was done by computing the averaged wind and vapor density between two half 

baric layers, and integrating the multiplication vertically from 30 meters above the surface. 

This vertical integral of moisture flow per unit length can then be interpolated into the 

linearized boundary segments (in the center) to get boundary vector fluxes if multiplied by 

the length of the segment as illustrated in Figure 3.1. For any synoptic time, the two di

rectional boundary fluxes can be calculated, and thus the total moisture convergence over 
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the volumetric study area can be estimated as the summation of surface fluxes on the ver

tical wall of boundary: 

:V 

=  J ^ n . Q f  (3.3) 
t 

N 
= (3.4) 

I 

The computation of total precipitable water follows a similar procedure, but the 

integral variables are total atmospheric moisture content, instead of moisture flow, and 

original integration is interpolated into the center of 67 approximately equal areas which 

split up the whole study region. Computation of ground surface fluxes require interpolating 

data at model grids or measuring stations into an 0.5 degree mesh to make simply arith

metic average. 

Missing data in observations tend to be a complicated and time-consuming 

problem. As a general principle, the missing data were linearly interpolated either tempo

rally or spatially. For example, missing hours in hourly precipitation records will be 

linearly interpolated back according to the most adjacent hours with normal values at both 

ends. There are about 5-7% gage-hours missing in precipitation data for the 12 months, 

representing the maximum possible uncertainty of precipitation estimation. The monthly 

precipitation were also cross-checked using the Climate Division data to assure they are 

equal. There Rawinsonde data generally do not have humidity observations above 250 mb, 

so these missing data were linearly extrapolated from the nearest nonzero value down to 0 

at the top of atmosphere. Accuracy analysis shows that this method can overestimate the 

(unit length) observed moisture flow 5 to 10%, since the atmosphere is very dry above 250 

mb. However, the net flow computation will reduce this error greatly due to abstraction. 

All derived variables will be presented as equivalent water depth over the corresponding 

area for the convenience of comparison, unless otherwise specified. 
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Figure 3.1 Scfiematic illustration of vector 
flux of atmosphere moisture at ith segment 
of the linearized boundary in zonal (x) and 
meridional (y) directions. 
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Figure 3.2 Atmospiieric moisture convergence as the surface integration of moisutre 
flux. Panels show monthly moisture flow at synoptic times OOZ, 06Z, i2Z. and 18Z; 
and in zonal and meridional directions, for the period from September 1992 to August 
1993, and among different data sets: Obs as observations, ERA as ECMWF re-analysis, 
and TOGA as ECMWF/TOGA data. Data values are equivalent depth of water over the 
study area for 12 hours. 
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3.3 Results and Analysis 

3.3.1 Monthly Atmospheric Moisture Convergence and Boundary Vapor Flu.\ 

3.3.3.1 Monthly Moisture Convergence 

The monthly atmospheric moisture convergence is shown in Figure 3.2, which in

dicates significant variations from month to month and from TOGA to ERA and to Obs. As 

a first glimpse, all data show that June (and July at 12Z) of 1993 are the largest convergent 

months, and August of 1993 is a divergent month. In fact, June is the only month that 

TOGA equals ERA at both OOZ and I2Z times. For the remaining months, comparing 

TOGA with ERA at times OOZ and 12Z indicates that great differences exist. For 12Z, 

TOGA shows much larger net inflow than ERA in the wettest months (September 1992, 

and July, August 1993), and smaller net moisture inflow in the rest months except in Oc

tober and November 1992, and June 1993 during which TOGA is nearly equal to ERA. 

For OOZ, the net inflow in EEIA dramatically differs from TOGA for a period from 

October 1992 to March 1993: ERA shows significant divergence, while TOGA and ob

servation indicate convergence. The spatial distribution of moisture flux vectors along the 

boundary can help explain the numerical reason of this phenomenon. Taking November 

(the largest divergence) and March as examples, the vapor flux in ERA at OOOOUTC differ 

tremendously from TOGA/Obs, as shown in Figures 3.3 and 3.4, respectively. In these two 

months, ERA simply produces much stronger westerly aloft the northern half region (The 

Dakotas, Minnesota, and Wisconsin), and much weaker westerly aloft the southern half of 

the region (Missouri, and Illinois). This anticyclonic fashion of motion deviation results in 

a divergent tendency on the southerly flow of warm and moisture air which manifest itself 

as sharply decreased inflow at the southern boundary, and greatly increased outflow along 

the northern boundary. The same situation happens in December, and to some extent, in 

October, January and February (vector fluxes not shown). However, February features an 

overall southward flow pattern in meridional direction, and ERA has much larger outflow 



along the southern boundary at OOOOUTC. 



69 

44 

1200 UTC ^2 

100 million kg/s 

-90 -85 -95 -100 

48 

46 

n 
44 

42 

40 

38 

36 

-100 -90 -85 -95 

November 1992 

•Obs CRA TOGA 

48 

46 
0000 UTC 

44 

42 

40 

38 

36 (• 100 million kg/s 

-90 -85 -100 -95 

48 

46 

44 

-100 -95 -90 -85 
(c) (d) 

Figure 3.3 Vector flux of water vapor along the boundary of the study area in 
November 1992: (a) 1200UTC meridional, (b) 1200UTC zonal, (c) OOOOUTC 
meridional, and (d) OOOOUTC zonal. 
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Figure 3.4 Same as Figure 3.3 except for March 1993. 
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3.3.1.2 Zonal and Meridional Flow 

It appears that, although the zonal atmospheric moisture flow is greater than that in 

meridional (due to the much larger zonal wind), the net moisture inflow (convergence) is 

very sensitive to the meridional moisture flux. Since spectral models have advantages on 

describing the wavelike global motion of atmosphere, it also needs attention to better de

scribing the motion orthogonal to the zonal wave. To illustrate this point, the summation of 

net inflow at OOZ and 12Z is decomposed into zonal and meridional components, as pre

sented in the lower panels of Figure 3.2. Several conclusions can be drawn based on the 

decomposition of temporal integral into spatial derivatives. First of all, it shows distinctly 

different effects on the production of precipitation: the net zonal inflow is almost always 

negative, suggesting moisture divergence, while the meridional one is almost always pos

itive, suggesting moisture convergence. The total effect is going to be the relative 

difference between the two components, which is essential for the forecasting system to 

capture the real amount of water vapor that is available for possible precipitation. Second 

of all. the net meridional inflow is generally much greater than the net zonal inflow, being 

one of the major sources for precipitation in the midlatitudes. So the modelling of meridi

onal motion is crucial in regards to hydrological cycles, particularly due to the much 

smaller magnitudes of meridional wind comparing to zonal wind. Third, the temporal in

tegration indicate that TOGA is more closer to Obs than ERA does, and the ERA 

divergence at OOZ from October to March is indeed caused by the significantly less me

ridional inflow. 

From the discussion in section 3.3.1.1 there exist monthly and seasonal variations 

of atmospheric moisture flow. Now, the monthly variability can be represented structurally 

in terms of directional net inflow. As shown in Figure 3.2, the positive contributor (me

ridional net inflow) reaches two maximum values in November and July, and two 

minimum values in October and March. In contrast, the zonal net inflow exposes an ex
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actly opposite phase of variation: it reaches the local minimum in November and July, and 

maximum in October and March. The coexistence of positive (convergence) and negative 

(divergence) maxima/minima reflects some intrinsic characteristics of moisture flow in the 

free atmosphere. 

3.3.1.3 Synoptic Time and Spatial Variation of Moisture Flow 

The results for 06Z and 18Z times from ERA are also plotted in Figure 3.2. 

Surprisingly, the two summations OOZ + 12Z and 06Z + I8Z, when broken into zonal and 

meridional flow components, follow the same monthly variant pattern (even during the 

"unusual" six month period discussed above), although individually the four synoptic times 

differ from each other wildly from month to month. This indicates that, although daily 

variation of moisture flow may be fairly large (for example, TOGA variation ranges from 

110 mm (12Z) to -40 mm (OOZ) in July), the summation (or average) of two synoptic times 

of 12 hour difference approaches the daily (four synoptic times) mean. Consequently, this 

implies that, at time scales of monthly or longer, the two pairs of synoptic time may sub

stitute each other for budgetary study. 

The spatial variation along the boundary of study area determines the variation of 

two directional net inflows. It has been analyzed in the previous sections the spatial dif

ferences between ERA and TOGA/Obs for the months from October to March. In the 

flooding summer months (June, July and August), both the northward and eastward water 

vapor flow amplify enormously, as exhibited in the example of July in Figure 3.5. The 

simulation of ERA shows systematically larger meridional flux than TOGA/Obs, espe

cially over the Lower Missouri River basin (southwestern portion of study area). ERA 

produces relatively stronger zonal flux too, and more closer to Obs than TOGA, especially 

along the eastern part of boundary. The differences can have an important impact on the 

simulation of summer rainfall by mesoscale models which use either ERA or TOGA as 

lateral inputs and initial conditions. 
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Figure 3.5 Same as Figure 3.3 except for July 1993. 
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3.3.2 Precipitation and Evaporation 

3.3.2.1 Precipitation and Evaporation over the Whole Study Area 

It is expected that the area-averaged monthly total precipitation and evaporation be 

reasonably predicted. The results from ERA and TOGA basically illustrate such a scenario, 

as shown in Figure 3.6. Model forecasts of precipitation match the observations pretty well 

and vary synchronously with observed data. However, statistics of model results also show 

less variability for the 12 month period, as summarized in Table 3.2, implying inadequacy 

for the models to catch up with wet or dry extremes. .A.s will be seen below, model results 

are statistically even less various than observation at finer time-space scales. They under

estimate the highly exceptional summer rains including the wet autumn (September and 

November 1992). and overestimate the rest relatively "dry" months. Maximum differences 

exist in the late winter and spring time, during which there are about 20 to 25 mm overes-

timation of precipitation in TOGA, comparing to in average 50 to 70 mm in observed 

precipitation. In contrast, the maximum underestimation in TOGA which occurs in July, 

only differs from observation by about 15 mm, comparing to 212 mm in observation. 

Table 3.2 Statistics of area-averaged monthly precipitation from ERA, 
TOGA(a; 2.5 degree grids; b: 0.5 degree grids), and Obs, unit in mm/month. 

Min. Max. .Mean Std. Dev. Dev. Coe. 
Obs 29.007 211.770 97.918 55.452 0.566 
ERA 41.060 194.310 96.508 47.874 0.496 
TOGAa 48.860 180.260 99.529 43.890 0.441 
TOGAb 47.520 190.000 101.39 45.763 0.451 

Nevertheless, the precipitation forecast in ERA has shown an overall and consistent 

improvement from TOGA. ERA reduces averagely 50% the absolute overestimation error, 

from about 20 to 25 mm down to about 10 mm. Comparatively, improvement on underes

timation is not so significant, especially for warm season rainfall, for which ERA improves 
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no more than 3 mm from TOGA. In June, ERA even underestimates much more than 

TOGA does: 10 mm less precipitation than Obs, while precipitation in TOGA is only about 

1 mm less than observation. 

The monthly total evaporation from ERA and TOGA is also plotted in Figure 3.6. 

Generally speaking, after November, ERA and TOGA stay together closely, with ERA 

being less than TOGA until August. The most striking fact is that evaporation of Septem

ber and October in ERA are much greater than TOGA. Due to the lack of observed 

evaporation data, the simulation or forecast of evaporation can not be judged directly 

against ground truth. As a reference, the measured potential evaporation maintains 40 to 50 

mm larger then ERA for the seven months (evaporation potential data of the rest months 

are not available), suggesting an averaged pan coefficient from 0.48 (October) to 0.79 

(July) for the vast central North America. The resultant change of evaporation in ERA can 

be explained primarily by the new soil hydrology, which maintains evaporation in the 

drying season for a longer time and produces less evaporation in wet conditions and the soil 

dries out less quickly {Beljaars et al., 1993]. 

Model forecast of precipitation has been shown to be sensitive to soil moisture 

dynamics, through the change of surface fluxes. The overall improvement of precipitation 

in ERA should be partially attributed as the resultant effects of change of evaporation in 

ERA. For the period from December to April, decreased precipitation in ERA (in average 

10 mm less than TOGA) and the corresponding decreased evaporation in ERA (average 8 

mm less than TOGA) are really comparable, so less amount of evaporation could be the 

major contributing factor to less overestimation error of precipitation. The relationship 

between precipitation and evaporation, however, is more complicated than this, particu

larly for the warm season rainfall. It is evident from the parallel comparisons of variations 

of evaporation and precipitation from TOGA to ERA, that evaporation, as one of the pri

mary sources for the production of precipitation in the midlatitudes, does not affect 
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precipitation by simply providing direct quantitative contribution, but rather through some 

dynamic feedback mechanism. For example, evaporation in September and October have 

all increased wildly from TOGA to ERA, but precipitation amount stays the same in Sep

tember, and even decreases in October. In November, ERA and TOGA have the same 

amount of evaporation, but the precipitation in ERA has increased. For this reason, the new 

surface layer in ERA which has enhanced moisture entrainment and modified transfer co

efficient, seems to help formulating better precipitation dynamics. 

3.3.2.2 Rainfall Distribution and Simulation ofMCCs 

Although the total monthly amount of precipitation has been shown obviously im

proved in ERA, large differences also exist between the monthly precipitation fields of 

rain-gage measurements (Figure 3.7) and ERA (Figure 3.8). It is easy to draw the conclu

sion based on the comparison of the spatial features, that ERA differs from observation 

greatly in terms of spatial distribution, intensity, and peak values. In general, ERA pro

duces a smoother rainfall distribution with fewer and less-intensive maximum centers, not 

only for the warm season, but also in the all the rest months. This also applies to TOGA, 

since monthly rainfall fields in ERA are very similar to those in TOGA (not shown). 

Weather forecast can be improved by introducing better soil moisture initialization 

and improved atmosphere-land interaction. However, with the high similarity of monthly 

precipitation fields between ERA and TOGA, and significant difference between models 

and observation, the improvement has been done primarily to the total amount, not to the 

spatial infrastructure of precipitation. This is because the ECMWF global models do not 

reproduce mesoscale convective systems very well and if they do, not necessarily at the 

same time and place as observed and also not with the same intensity. The timing and 

spatial distribution of precipitation are unlikely to be significantly improved unless the 

model resolution is refined and, more crucially, the precipitation parameterization scheme 

is essentially improved. As an example, the 12-hour cumulative rainfall on 1 July 1993 is 
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shown in Figure 3.9. The ERA field is basically tlat, widespread, having no signature of 

extraordinary multiply supercells as observed. The corresponding rainfall field in TOGA 

0.5 degree data bear a great similarity to ERA, with more flatter field with a little more 

details. This 12-hour event was actually the ground responses to a mesoscale convective 

complex (MCC), the enhanced satellite IR images of which are shown in Figure 3.10. 

According to the definition [Maddox, 1980], also as displayed in the images, a typical 

MCC must have area of the inner cold core > 50,000 ion", and the area of the outer cloud 

shield > 100,000 km". The ECMWF model with truncated wavenumber T213 (TOGA) can 

resolve as detail as 100 km in the upper air and about 120 km on the ground. The charac

teristic dimension of the supercells in Figure 3.9(a) is about 100 to 120 km. Model 

resolution is therefore comparable to the outmost structure of the supercells of this MCC 

system, so it does not seem to be the most critical restriction, though substantial, especially 

in the case of ERA (lower resolution 106 wave numbers). This points out that there are 

some crucial unknown areas in the simulation of MCCs, particularly on how the formation 

of an MCC may affect the large-scale and mesoscale environment. 
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Figure 3.6 Monthly total evaporation and precipitation averaged over the study 
area. The 2.5 degree grids for TOGA are the same as for ERA.which were used 
to interpolate TOGA into 0.5 degree grids. 
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Figure 3.7 Observed monthly precipitation distribution. The rainfall contours are plotted over 
2.5 by 2.5 degree grids at seven levels (mm) which arc equally distributed from the minimum 
to maximum of each month. The contours along the border are not plotted to avoid inaccuracy 
from interpolation. 
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Figure 3.8 Same as Figure 3.7 except for ERA. 
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Figure 3.10 Snapshots from the enhanced ( GOES satellite ) IR images showing 
a mesoscale convective complex (MCC) on 1 July 1993. Gray levels shown are 
brighmess temperature fc) of the clouds. Notice dark gray (below -65 °C ) is again 
used to present the coldest cloud top inside the cold core (-65 to -52°C ). 
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3.3.3 Precipitable Water and Average Flow 

3.3.3.1 Precipitable Water 

The monthly total amount of change of precipitable water between time OOZ and 

12Z is presented in Figure 3.11. The two quantities in each month are the summations of 

daily change of precipitable water from 12Z to OOZ and OOZ to 12Z , respectively. They 

stand for the atmospheric moisture variation between day-time and night-time (12Z is 0600 

in the morning for most of the area. Local Standard Time). Like observation, the ERA and 

TOGA generally illustrate pronounced day/night or night/day variation in the warm 

months. And in consistency with the summer extreme rainfall, the amplitude of variation 

increases largely from spring to summer. Among the source terms to atmospheric precipi

table water (convergence, evaporation) and sink terms (precipitation, cloud condensation), 

only evaporation has shown diurnal cycle, so the day/night variation is the atmospheric 

response to surface evaporation. However, the amount of the day-time increment and 

night-time decrement will be determined also by the rest three terms. With comparison to 

Obs and TOGA, ERA has exhibited larger amplitudes of variation. For the summer 

months, the average differences are 15 to 20 mm between ERA and TOGA, 20 to 25 mm 

between ERA and Obs. From previous analysis, the combining results of precipitation 

minus evaporation in ERA are no more than 10 mm larger than those in TOGA, so mois

ture convergence has to compensate for the 5 to 10 mm larger (day-time) increase of 

precipitable water in ERA. This requirement confirms the behavior of the new boundary 

layer scheme in ERA: the increased entrainment at the top of boundary layer leads to en

hanced moisture convergence, and thus more vigorous internal moisture recycling process. 

It is apparent that the precipitable water has a rather chaotic variation period in the 

first six months (September to February). Comparatively, TOGA stays with Obs much 

more closely in this period (also in spring and summer times). November has shown mois

ture depletion in TOGA/Obs data, suggesting that the high rainfall is contributed by both 
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large amount of net moisture inflow and precipitabie water depletion. In the colder months 

(December to February), the change of total atmospheric water vapor is very small (within 

10 mm) due to significantly reduced surface evapotranspiration (less than 20 mm in aver

age), and partially due to decreased large scale moisture inflow (about less than 40 mm in 

average). ERA precipitabie water, on the other hand, has shown nearly doubled variability, 

and for about half of the times changes oppositely with respect to TOGA/Obs. This situa

tion is most likely associated with the OOZ time moisture divergence from October to 

March in ERA (cf. Figure 3.2). 

3.3.2.2 Moisture Mean Flow 

The monthly and area-averaged profiles of horizontal wind and vapor density for 

the summer months are presented in Figure 3.12. It shows that horizontal wind from ERA 

and TOGA are almost identical in zonal direction, and ERA is relatively larger than TOGA 

in meridional direction. In comparison with observation, the models produce slightly stron

ger jet stream in June and July, and stronger meridional wind. The mean vapor density 

profiles also match with each other very well among ERA, TOGA, and observations, with 

model results being slightly larger. Notice the largest differences of mean zonal wind take 

place at around 200 mb level, which is also the height of maximum wind speed. The largest 

differences of mean vapor density occur around 900 mb. Basically, the large-scale fields of 

motion and vapor distribution are very good in the models. Therefore, differences of me

ridional and zonal net moisture inflow among TOGA, ERA, and Obs result from the 

discrepancies of the mean fields, and most importantly, the less accurate tine-scale distri

bution, both temporal and spatial. Figure 3.13 schematically illustrates the notion of how 

spatial variation of flux (like the boundary vector flux aforementioned) can cause varia

tions of net inflow. This notion manifests itself in November, as an example for the six 

month period (October to March) of divergence (at OOZ) in ERA. As presented in Figure 

3.14, in November ERA and TOGA apparently produce slightly weaker zonal and merid



85 

ional wind than Obs, and ERA meridional wind is also relatively weaker than TOGA. ERA 

simulates a slightly drier atmosphere, more obviously below 900 mb. As discus.sed before, 

the reduced southerly flow in ERA is in fact associated with the divergent effect ot the 

differential zonal wind. In summery, the monthly profiles based on OOZ and 12Z indicate 

that the assimilation/analysis system maintains a very good ability to simulate mean flow. 
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Figure 3.11 Monthly total change of atmospheric precipitable water (mm) between 
12Z and OOZ. 
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(a) June 1993 
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Figure 3.12 Vertical profiles of horizontal wind and mean vapor density against pressure 
(mb). Data shown are based on temporal average of OOZ and 12Z times for each month, 
and spatial average over four rawinsonde stations (-88.7667, 37.0667), (-89.6833, 40.6667), 
(-98.2167, 44.3833), and (-94.0667, 45.5500) (°W,<-N), and 13 cloeset grids from the 2.5" 
mesh in ERA and TOGA data. 
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1 AQ 

Figure 3.13 Spatial variation of moisture flow contributes to the variations 
of net inflow or moisture convergence. This figure schematically shows 
two different scenarios of moisture inflow/outflow (the amount of flow is 
represented as the length of the arrows) along the boundary: with the spatial 
average (large-scale fields or mean field) being the same, the left indicates 
a convergence situation, and the right indicates a divergence situation. 
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Figure 3.14 Same as Figure 3.12 except tor November 1992. 
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3.3.4 Surface Weather Parameters 

In operational weather/climate forecast, weather parameters such as precipitation, 

2 m temperature and humidity, 10 m wind, and cloud cover are usually verified against 

observations on a daily and monthly basis. This study focus on the 2 m temperature and 

relative humidity, since they are sensitive to soil moisture content and surface 

evapotranspiration. The comparisons of monthly averaged daily cycle will be done in order 

to verify the seasonal variability and to reduce the possible observational errors introduced 

temporally. To deal with the discrepancies of data resolution and locations between 

ERA/TOGA and observations, spatial averages were computed for a rectangular area be

tween -100°W to -87.5°W and 37.5°N to 47.5''N which correspond to ERA/TOGA 2.5 

degree grids from the 12th to I7th and in parallel down to 48th to 53rd (cf. Figure 1.4). 

Some missing data at the four synoptic times OOZ, 06Z, 12Z, and 18Z in the hourly surface 

observations were linearly interpolated in temporal space. 

3.3.4.1 Surface Temperature 

The area-averaged monthly 2 m surface temperature cycles are presented in Figures 

3.15 and 3.16. A distinguished feature is evident in ERA, which is a consistent cold bias at 

12Z (0600 in the morning. Central Standard Time) for the 12 months and the complete cold 

bias cycle in winter (December to February). In contrast, the reported meteorological im

pact of the changes in ERA (cf. Table 3.1) include a significant reduction of the warm bias 

in continental boundary layer during day-time in summer and an increase in the cold night

time bias, and a more realistic humidity diurnal cycle [Beljaam and Viterbo, 1993]. ERA 

deviates from the observation in a time-variant way. First of all, the cold bias at night (06Z) 

and in the morning (12Z) persistently exists starting from September. The magnitude of 

cold bias rapidly increases and decreases as the seasonal temperature gets colder and 

warmer, respectively, i.e. it becomes larger in winter/spring, and smaller in summer/fall. 

The decreased cold bias in May to August does improve the night-time cold bias in TOGA 
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by about 1°C to l.5°C. Second of all, the temperature trend from 06Z to 12Z in ERA is 

opposite to observations which have higher temperature in the morning by about 0.4"C to 

0.7°C. In a fair summer night, the surface temperature continues to decrease as the surface 

longwave radiation reduces due to decreased surface temperature, and as the downward 

sensible heat from the upper-air reduces. In the 1993 summer months (May to August), 

greater-than-average amount of latent heat release due to the frequent nocturnal growth of 

large mesoscale convective storm complexes, and the accompanying overcast cloud sky 

should be the major reason for warming up the surface. Third, although the day-time warm 

bias in TOGA (OOZ) is noticeably reduced by about 1*^0 to 1.5"C in ERA from September 

to November and in March, ERA itself shows larger warm bias in the wet. warm months in 

1993 (April to August) by 1°C to I.5°C. Comparing ERA with TOGA, in summary. ERA 

shows colder surface temperature in the 1992 fall and winter (September to March), and 

warmer surface temperature in the wet, warm months in 1993 (April to August). 

3.3.4.2. Surface Humidity 

Figures 3.17 and 3.18 present the area-averaged 2 m surface relative humidity cycle 

for each month. An overall improvement of the humidity in ERA can be observed except 

in winter months. The day-time ( OOZ and 18Z) values fit observations very well, which 

removes the persistent drying tendency in TOGA (judged by OOZ data). In the morning 

(12Z), the difference between ERA and TOGA is not large especially after November, both 

being 10-15% overestimation. In winter, ERA displays a too humid, but most realistic hu

midity cycle, while TOGA exhibits more realistic values. Consider the fact that ERA 

shows a cold-bias temperature cycle in winter, it can be concluded that the revised surface 

scheme in ERA works better in warm months than in winter time. 
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Figure 3.15 Monthly averaged daily cycle of surface (2 m height) temperature, 
averaged over the study area. 
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Figure 3.16 Same as Figure 3.15 except for months from March through August 1993. 
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Figure 3.17 Monthly averaged daily cycle of surface humidity (2 m height), 
averaged over the study area. 
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Figure 3.18 Same as Figure 3.17 except for months from March through August 1993. 
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3.3.5 Soil Moisture and Runoff 

The soil in ERA is discrelized in 4 layers, and the values of temperature and water 

in the four layer evolve during the forecast, comparing to 3 layers in TOGA with the lowest 

layer being kept as the climate value. Following discussion will focus on ERA since neither 

TOGA nor observational soil moisture data are available for this study. Daily time series 

of soil moisture content from 5 representative sites over the two watershed are displayed in 

Figure 3.19. Site #1 (northwest Wisconsin) and #2 (northeast Nebraska) locate at the edge 

of the heavily precipitated area. Site #3, #4 and #5 are in central northern Iowa, northwest 

Missouri and central Illinois, respectively, representing the concentrated flooding area. 

The first three layers are sensitive to daily precipitation. However, examination of the soil 

wetness indicates that the top layer at the five sites has never been saturated any time in the 

12 month period, even during the flooding summer. As listed in Table 3.3, the top layers 

reach their maximum .soil wetness before the major Hooding season, with values ranging 

from 0.39 to 0.4 mVm"' (saturation 0.47 mVm'). In the ECMWF model, saturation can only 

take place for a very short time (if it does occur) and quickly lose water due to bottom 

drainage. Although the top layer could become saturated at other times and other spatial 

locations that are not included in the above examination, or simply can not be resolved by 

the model, the model generally exposes a dry soil. The bottom layer, on the other hand, is 

very active in responding to the precipitation. For example, at site #3. #4 and #5. the water 

in the deepest layer builds up in the heavy snowfall winter, and it increases one to two days 

after the upper layer experience a large increase. The evolving fourth layer seemingly pro

vides more realistic soil water content in response to the extreme rainfall events, and the 

possibility for more accurate simulation of surface weather parameters via nudging the soil 

moisture. 
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Table 3.3 Maximum soil wemess (m7m") in the top soil layer (ERA). 

Site Maximum Soil Wetness Time and Date 
Site #1 
Site #2 
Site #3 
Site #4 
Site #5 

0.4 
0.4 
0.39 
0.39 
0.4 

I2ZJune 17, 1993 
12Z June 24, 1993 
06ZJune 19. 1993 
OOZ May 10, 1993 
18Z November 22. 1992 

To calculate the soil moisture change over the two water basins, the soil wetness at 

four layer were added together to get the total water content. Then the change of soil vvater 

content at each (2.5 degree) grid was calculated for every month and interpolated bilinearly 

into 0.5 degree grids. Spatial average of monthly change can then be done by computing 

the arithmetic average of the grids within the linearized boundary of each watershed. The 

results are shown in Figure 3.20, which indicates that the soil water content variation is 

almost the same over the two watersheds. A 6 and 8 mm soil water content increase in 

November is shown for Missouri and Mississippi River basin, respectively, corresponding 

to the heavy precipitation (cf. Figure 3.6). In winter, both of the two watershed tend to 

remain the same values of water content with slightly (<1.30 mm) drying or wetting 

variation. The effect of snowmelt in March results in once again increment of soil moisture 

(about 3.4 mm in both watersheds) which quickly dry out in April due to warmer temper

ature and normal precipitation. Figure 3.21 illustrates the ERA net source for the surface 

water budgets versus TOGA. The net precipitation in ERA (P - E) is shown to continues to 

increase after March for the whole area. Therefore, the water must mn off to account the 

drying April, and it indeed does. In May and June, soil moisture continues to increase due 

to largely increased P - E. In July, however, the soil surprisingly becomes drying and it can 

not be explained in terms of monthly P and E features, although it can numerically ex

plained as the results of largely increased runoff piutitioning in the total P - E. 

In Figure 3.20, the model generated runoff (P - E -AS) is also plotted against the 
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observed runoff. Excessively more and less amount of runoff are observed in ERA versus 

observation. First, ERA has exaggeratedly more winter runoff (particularly in November) 

for both watersheds. Underestimated E andAS are to be the primary reasons in the model 

which contribute to the overestimated runoff. Another reason should be that the total runoff 

produced by the model has not yet been through hydrological routing. Although catchment 

routing and network routing can diffuse and delay the peak value, the essential problem is 

that the total amount of runoff from model overestimates observation for a consecutive 

four months. The maximum concentration for such scale river basin can be around 25 to 30 

days. Therefore, it is not possible that hydrological routing can transfer the model runoff 

into streamflow runoff comparable to the observed values at same time. Second, unrealis-

tically less runoff in August exists for both watersheds too. Base on the discussions before, 

atmospheric divergence prevails in August, which in other words indicates the recess of the 

flooding period. The accumulated surface water has to be released via either evaporation, 

percolation, or streamflow. The high runoff in August in fact reflects the channel release. 

The model apparently can not accommodate such a hydrological component as flood 

recess. Finally, while ERA reproduces the two peaks of runoff in 1992 winter and 1993 

summer, it does not reproduce the late spring and early summer flooding (April and .May). 

In contrast, TOGA tends to reproduce this feature by the corresponding peaks in P - E (cf. 

Figure 3.21). 
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Figure 3.21 Monthly difference betweeb P and E for the two basins. 
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3.4 Summary 

This paper has described a comparative study of the hydrological cycle and water 

budgets for a period from September 1992 to August 1993 over the central North America, 

between ECMWF/TOGA operational analysis/forecast, ECMWF Re-Analysis project, and 

observations. Several aspects of the hydro-cycle for both atmospheric and terrestrial water 

balance have been scrutinized, including large-scale atmospheric moisture convergence, 

moisture flow variation, weather parameters such as precipitation, surface temperature and 

humidity, large-scale flow profile, soil moisture and runoff. 

The monthly atmospheric moisture convergence indicates significant variations 

from month to month and from TOGA to ERA to Obs. All the data show that June (and 

July at 12Z) of 1993 are the largest convergent months, and August of 1993 is the biggest 

divergent month. For 12Z, TOGA shows much larger net inflow than ERA in the wettest 

months (September 1992, and July, August 1993), and smaller net inflow in the rest 

months except in October and November 1992, and June 1993 during which TOGA is 

nearly equal to ERA. For OOZ, the net inflow in ERA dramatically differs from TOGA 

from October 1992 to March 1993: ERA shows significant divergence, while TOGA and 

observation indicate convergence, due to sharply decreased inflow at the southern bound

ary, and greatly increased outflow along the northern boundary. Decomposition of 

temporal integral of OOZ and 12Z into spatial derivatives shows distinctly different effects 

on the production of precipitation: the net zonal inflow is negative, suggesting moisture 

divergence; while the meridional one is positive, suggesting moisture convergence. The 

positive contributor (meridional net inflow) and negative contributor (zonal net inflow) 

have an exactly opposite phase of variation: they respectively reach the local maximum 

and minimum in November and July, and minimum and maximum in October and March. 

The coexistence of positive (convergence) and negative (divergence) maxima/minima re

flects some intrinsic characteristics of moisture flow in the free atmosphere. In the flooding 
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summer months (June, July and August), both the northward and eastward water vapor 

flow amplify enormously. The simulation of ERA shows systematically larger meridional 

flux than TOGA and Obs, especially over the Lower Missouri River basin (southwestern 

portion of study area). ERA produces relatively stronger zonal flux too, and more closer to 

Obs, especially along the eastern part of boundary. 

Precipitation forecast matches the observations pretty well and varies synchro

nously with observed data. However, model results also show less variability for the 12 

month period. They underestimate the highly exceptional summer rains including the wet 

autumn (September 1992) and the heavy snowfall (November 1992), and overestimate the 

rest relatively "dry" months. Nevertheless, the precipitation forecast in ERA has shown an 

overall and consistent improvement from TOGA. ERA reduces in average 50% the TOGA 

overestimation, from about 20 to 25 mm down to about 10 mm. Comparatively, improve

ment on underestimation is not so significant, especially for the warm season rainfall. The 

model results of evaporation illustrate that after November, ERA and TOGA stay closely, 

with ERA being less than TOGA until August. The most striking fact is that evaporation of 

September and October in ERA are much greater than TOGA. The change of evaporation 

form TOGA to ERA can be explained primarily by the new soil hydrology, which main

tains evaporation in the drying season for a longer time and produces less evaporation in 

wet conditions and the soil dries out less quickly. The overall improvement of precipitation 

in ERA should be partially attributed as the resultant effects of evaporation, but the rela

tionship between precipitation and evaporation, is more complicated, particularly for the 

warm season rainfall. Evaporation does not affect precipitation by simply providing direct 

quantitative contribution, but rather through some dynamic feedback mechanism. For ex

ample, evaporation in September and October have all increased wildly from TOGA to 

ERA, but precipitation amount stays the same in September, and even decreases in 

October. In November, ERA and TOGA have the same amount of evaporation, but the 
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precipitation in ERA has increased. Spatially, ERA precipitation differs from observation 

greatly in terms of distribution, intensity, and peak values. In general. ERA produces a 

smoother rainfall distribution with fewer and less-intensive maximum centers, not only for 

the warm season, but also in the all the rest months. So does TOGA. This is because the 

ECMWF global models do not reproduce mesoscale convective systems very well. The 

timing and spatial distribution of precipitation are unlikely to be significantly improved 

unless the model resolution is refined and, even more crucially, the precipitation parame

terization scheme is especially improved. 

Examination of atmospheric precipitable water shows that, like observation, the 

ERA and TOGA generally illustrate pronounced day/night variation in the warm months 

mainly corresponding the evaporation diurnal cycle. In consistency with the summer ex

treme rainfalls, the amplitude of variation increases greatly from spring to summer. It is 

apparent that the precipitable water has a rather chaotic variation period in the first six 

months (September to February). 

It shows that large-scale average horizontal wind profiles from ERA and TOG.A, 

are almost identical in zonal direction, and ERA being relatively larger than TOGA in 

meridional direction. In comparison with observation, the models produce slightly stronger 

jet stream in June and July, and stronger meridional wind. The mean vapor density profiles 

also match with each other very well among ERA. TOGA, and observations, with model 

results being slightly larger. The largest differences of mean zonal wind take place at 

around 200 mb level, which is also the height of maximum wind speed. The largest dif

ferences of mean vapor density occur around 900 mb. Basically, the large-scale fields of 

motion and vapor distribution are very good in the models. Therefore, differences of me

ridional and zonal net moisture inflow among TOGA, ERA, and Obs result from the 

discrepancies of the mean fields, and most importantly, the less accurate fine-scale distri

bution, both temporal and spatial. 
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Surface 2 m temperature in ERA exhibits persistent cold bias at night (06Z) and in 

the morning (12Z) starting from September. The magnitude of cold bias rapidly increases 

and decreases as the seasonal temperature gets colder and warmer, respectively. From May 

to August, the night-time cold bias in TOGA is shown improved in ERA by about l"C to 

1.5°C. The temperature trend from 06Z to 12Z in ERA is however, in consistent to obser

vation which have higher temperature in the morning by about 0.4"C to 0.7°C. Although 

the day-time warm bias in TOGA (OOZ) is noticeably reduced by about l^C to 1.5"C in 

ERA from September to November and in March, ERA itself shows larger vvorm bias in 

the wet, warm months in 1993 (April to August) by l"C to 1.5"C. Comparing ERA vvith 

TOGA, ERA shows colder surface temperature in the 1992 fall and winter (September to 

March), and warmer surface temperature in the wet, warm months in 1993 (April to Au

gust). An overall improvement of the humidity in ERA can be observed except in winter 

months. The ERA day-time (OOZ and 18Z) values fit observations very well, which re

moves the persistent drying tendency in TOGA (judged by OOZ data). In the morning 

(12Z), the difference between ERA and TOGA is not large especially after November, both 

being 10-15% overestimate than observations. In winter, ERA displays a too humid, but 

most realistic humidity cycle, while TOGA exhibits more realistic value. It appears that the 

revised surface scheme in ERA works better in warm months than in winter time. 

The upper layers of ERA soil are sensitive to daily precipitation. The top layers at 

the five representative sites have never been saturated for the 12 month period. In fact, the 

top layers reach their maximum soil wetness before flooding season, with viilues ranging 

from 0.39 to 0.4 mVm"^ (saturation 0.47 m"Vm^). Therefore, the model exposes a relatively 

dry soil. In fact, the maximum total water in the soil layers rarely exceeds 100 mm in the 

model, which is drier over the 2.89 m soil column compared with that from the GEWEX 

Global Soil Wetness Project (GSWP). The monthly variation of soil water content are 

similar for the Upper Mississippi River basin and Lower Missouri river basin. A 6 and 8 
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mm soil water content increase (groundwater buildup) in November is observed over Mis

souri and Mississippi River basin, respectively, corresponding to the heavy winter 

precipitation. In late winter, both of the two watersheds tend to remain the same values of 

water content with slightly (<1.30 mm) drying or wetting. Snowmelt in March results in 

increment of soil moisture (about 3.4 mm in both watersheds) which quickJy dry out in 

April due to warmer temperature and normal precipitation. 

Excessively more/less amount of runoff exist in ERA in comparison with 

observations. ERA has exaggeratedly more winter runoff (particularly in November) for 

both watersheds. Underestimated E andAS are to be the primary reasons in the model 

which contribute to the overestimated runoff. Unrealistically less runoff in August are ob

served for both watersheds too, because the ECMWF model does not have the hydrological 

component dealing with flood recess. Temporally, ERA reproduces the two peaks of runoff 

in 1992 winter and 1993 summer, but it does not reproduce the late spring and early sum

mer flooding (April and May) which is more likely to be reproduced in TOGA. 

3.5 Concluding Remarks 

We have shown that the ECMWF system - the very best global numerical weather 

prediction (NWP) model - possesses some very important characteristics which is crucial 

in its application. The coverage of study area overlaps with the large-scale areas (LSA) 

spatial emphasis of the GEWEX Continental-Scale International Project (GCIP), which 

lends it the natural convenience to dress the hydrologic issues of concern to GCIP on the 

time and space variabilities of the hydrologic and energy budgets. By evaluating and as

sessing the performance of our forecast models, the results obtained here may provide 

some lines of identifying areas for improvement and serve as reference for various diag

nostic/prognostic or budgetary studies. The significance of correctly predicting the 

distribution of water vapor, the most important Greenhouse gas, also lies within the inter
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action between forming layered clouds and radiation transfer. 

(1) Comparisons of the hydrologic components among ERA, TOGA, and Obs in

dicate, as expected, considerable variations; and the model performance in ERA is only 

partially improved in general. The models have a realistic mothly variability or seasonal 

cycle of precipitation, evaporation and surface temperature and humidity; and the new 

surface layer in ERA which has enhanced moisture entrainment and modified transfer co

efficient, seems to help formulating better precipitation dynamics. 

(2) ERA differs dramatically from TOGA/Obs at time OOZ during a si.K month pe

riod October 1992 to March 1993: ERA shows significant divergence, while TOGA/Obs 

show strong convergence. The distinctive divergence in ERA is caused by the greatly re

duced net meridional moisture inflow in ER.^. This renders an immediate inference that 

some aspects of the ERA internal mechanism (e.g. the assimilation system) is wrong. At

tention is needed when using the ERA of this period to avoid any misinterpretation of 

consequent outcomes. 

The water budgets of EEIA differs from TOGA by as much as three times owing to 

the following three contributing aspects: (a) Differences in numerical model. New schemes 

in ERA (air-sea interaction, boundary layer, and soil hydrology) should be directly re

sponsible for the resultant differences between ERA and TOGA. The moisture processes 

in ERA are significandy modified due to the newly introduced entrainment at the top of 

PBL and increased entrainment in shallow clouds. The soil wetness nudging algorithm 

generally alters the surface fluxes to optimally represent the surface temperature and 

humidity, (b) Altered daily cycle. The temporal feature of moisture budget in both direc

tion shows variations from TOGA to ERA. However, as integrated over time (OZ and 12Z) 

the differences greatly reduce. This indicates that the water budget has different daily dis

tribution, and may imply that the total budget is still close between the two. (c) Amplifi

cation effects. The difference of the water budget between the two is enhanced due the 
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computation of the net inflow (convergence). The large-scale fields of wind and humidity 

are very close as shown in Figures 3.12 and 3.14. The moisture convergence is a net value 

computed from the boundary inflow and outflow which is a order of magnitude bigger. 

Small change of the boundary flows over the southern/northern boundary can lead to sig

nificant difference of the net subtraction. 

(3) At large-scale, net moisture flow in meridional and zonal direction has respec

tively positive and negative effects with respect to precipitation production; and they vary 

synchronously, but with opposite phase. Accurate description of this intrinsic characteristic 

of atmospheric moisture dynamics holds a key to a reliable forecast of precipitation. Com

parison of area-averaged moisture flow profiles shows close match in zonal direction, but 

significant difference in meridional direction. This provides some evidence that the wave

like representation of free atmosphere, though having many apparent numerical advantag

es. may be less skillful for the computation of the orthogonal motion. 

(4) The models maintain very reasonable mean flow, but the fine-scale extremes 

are less accurate - a featuring result of the data assimilation system. Discrepancy of mean 

fields certainly contribute to the difference in water balance: however, it is the less-

accurate fine-scale distribution (both temporal and spatial) that determines the time and 

space variability of hydrologic budget. The models do not reproduce the mesoscale con-

vective complexes due to the limitation on resolution and in cumulus parametrization 

schemes. Precipitation (monthly total) forecasts from ERA/TOGA have a close trend as in 

Obs. but with less temporal variability: model results underestimate the extreme summer 

rains and overestimate the "dry" months. ERA shows improvements. 

in reduced overestimation. 

(5) The newly installed soil hydrology and boundary layer schemes tend to work 

better in warmer months; but, ERA does not consistently outperforms TOGA in terms of 

surface temperature and humidity. It is further complicated by the implementation of 
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different soil moisture values. The 1993 TOGA data used climatological soil moisture 

which could not accommodate for anomalies, so it is not surprising that the model does 

poorly. However, the 4 layer soil hydrology and soil moisture nudging technique did not 

produce an overwhelmingly better surface water dynamics either. It instead further se

verely compromised surface runoff process - the nudging method only estimates soil 

wetness in the way to give the optimum near-surface weather variables, which quite often 

sacrifices the surface water balance (and thus energy balance) and the prediction of flood 

conditions, as seen in the extorted ERA surface runoff data (notice that the errors in pre

cipitation and evaporation computation also contribute to this). However, the model runoff 

seems to keep an annual water balance with Obs - strongly different with that over 

Arkansas-Red river basin of which model runoff is generally less than streamflow and is 

only half that observed on an annual basis [Betts at ai. 1998]. In simulation of meso.scale 

features, the nudging relationship is likely to vary greatly from time to time and with geo

graphical locations, due to the highly nonlinear correlation between the surface tempera

ture and humidity under different soil moisture conditions. The search of a more realistic 

representation of soil moisture, such as assimilation of surface information detected and 

evaluated via remote sensing, is necessary for the model to produce better surface 

hydrology. 
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CHAPTER 4 

THE 1993 UNITED STATES MIDWEST HIGH-FLOODING RAIN AND ITS 

SIMULATION BY THE PSU/NCAR MM5 MESOSCALE MODEL 

4.1 Introduction 

4.1.1 Background 

An important aspect of the GCIP-Mississippi research strategy is to join hydrologic 

and atmospheric sciences to investigate the governing mechanisms controlling clouds, 

precipitation, evaporation, runoff, and the energy exchange at surface. One of the essential 

components of this is based on regional and/or mesoscale experiments that include the 

state-of-the-art mesoscale atmospheric numerical models, such as the PSU/NCAR MM5 

mesoscale modeling system. At short time scales, GCIP focuses on, among a variety of 

possible scientific issues, the development and evaluation of fully coupled 

land/atmospheric models, the development of data assimilation schemes, and global data 

sets produced by 4 dimensional variational analysis (4DVAR). 

4.1.1.1 Related Modeling Studies 

The flood-producing precipitation of the 1993 summer season over the United 

States Midwest provides an excellent chance to assess the ability of our very best forecast 

model. It has also posed a challenge to our understanding, modeling, and predicting of 

persistent, convective precipitating cloud systems at midlatitudes. Investigations on issues 

such as new parameterization towards better representation of hydrological processes have 

been undertaken. They are summarized in Chapter 1 in the part of literature review. It is 

also relevant to very briefly mention some of the mo.st important ones here. One effect of 

the simulation of the 1993 summertime rainfall led to a recent update of the ECMWF 

model (Cycle 48) that adopted a new soil hydrology and atmospheric boundary layer for

mulation [Beljaars et aL, 1993], which generally produces less evaporation in wet 
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conditions. The update was implemented based on the results from a parallel experiment 

during the July 1993 forecast which found problems of too large heat downflux with an 

erroneous diurnal cycle of heat flux both upward and downward across the boundary layer, 

a boundary layer of lacking entrainment thus too small and too moist, and an evaporation 

overly dependent upon soil moisture condition. Another study shows that the monthly 

precipitation is sensitive to initial soil moisture, but the increase in precipitation has not 

come from simple evaporation of initial soil moisture, but from some feedbacks, suggest

ing the importance of coupling between regional soil moisture and rainfall in the 

Mississippi River basin, based on the analysis of monthly precipitation forecasts for July 

1993 [Bens et a/., 1993b]. A well-known fact from diagnostic studies of severe thunder

storms in the Midwestern U.S. reveals that the vertical transport of momentum by cumulus 

clouds causes a low-level jet (LLJ) to form, and the convergence associated with the LLJ 

provides moisture to maintain the thunderstorm. This is confirmed in the July of 1993 case 

by many researchers [Mo et ciL, 1995; Berbery et al.. 1995; NOAA, 1994], In a mesoscale 

study, Paegle et al. [1996] investigated the influence of surface evaporation upon rainfall 

and low-level flow in regional simulations by the University of Utah Local Area Model 

(ULAM). They showed that the surface evaporation is more imponant to dynamically 

supporting rainfall than providing additional moisture, and the low-level jet diurnal oscil

lation increases for drier surface conditions, hence providing more effective convergence 

patterns to support rainfall. 

4.1.1.2 Description of Synoptic Situations 

The large-scale situations in association with the rainfalls that produced the 1993 

summertime record-breaking floods are described in Chapter 1. A concise restatement is 

provided here to refresh the circumstances. In general, the major supply of moisture from 

the Gulf of Mexico [Rasmusson, 1968], became stronger during the wet episodes such as 

in July 1993 [Bradley, 1994; Trenberth and Guillemot, 1995]. (Specifically, the moisture 
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originates in the subtropics in the vicinity of the warm Caribbean Sea waters [NOAA. 1994. 

pp. 3-11 ]). The large-scale atmospheric circulation patterns have been found similar during 

very wet episodes in history [Kunkel er al., 19941. Other studies and observations have 

illustrated activities of teleconnection pattern and its relationship with cyclone propaga

tion, southwesterly, quasi-stationary front, and convective complexes (see Chapter 1 for 

details). The most interesting finding, is the striking fact of the dominant weather patterns 

for extreme dry and wet periods which have been found to be in predominant contrast: the 

jet stream was displaced well north from its normal location for a dry episode as in 1988. 

or well south of normal to a more spring-like location across the central .North America as 

in the summer of 1993 [Treberth and Guillemot. 1995; NOAA. 1994]. This fact may be 

very useful for the purpose of operational forecast. According to the study by Brakenrid^e 

et al. [1994], the heavy rainfall was frequently caused by the noctumal growth of large 

mesoscale convective complexes on the anticyclonic side of the strongly arched midlati-

tude jet. An anomalously well-developed high pressure system over the southeastern L'.S. 

at the same time blocked westerly flow and favored meridional flow of warm, moist Gulf 

of Mexico air into the upper and western portion of the Mississippi valley. 

4.1.2 Objectives and Scope of Study 

Regardless of all these findings, and the fact that the description of large-scale 

precipitation processes in meteorological models is reasonable, the parameterization of 

mesoscale precipitation processes remains poor, especially the parametrization of warm 

season convective precipitation [Shuttleworth, 1996]. It is anticipated that the mesoscale 

model works much better towards the mesoscale weather systems, such as the mesoscale 

convective complex which has a profound influence on midlatitude weather. Therefore, it 

is the interest of this paper to study the PSU/NCAR MM5 mesoscale modeling system in 

simulating the summer of 1993 extreme precipitation events over the Midwest. MM5 is 
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one of the most versatile mesoscale models with the availability of many types of different 

physical schemes and fine-tuning of model parameters. The primary purpose here is not to 

systematically verify model feasibility or the feasible space of options, but rather to e.x-

plore the best simulation of precipitation, under certain well-known cumulus parametriza-

tion schemes (CPSs) and explicit moisture schemes (EMSs), and certain later boundary 

and initial conditions. In other words, the goal is to evaluate different CPSs and EMSs for 

the anomalous rainfall condition, through which the results with various CPSs and EMSs 

will be analyzed in terms of distribution, thermodynamics, and evolution of the rainfall 

system. It hopes to find the physical reasons of either failure or success, thus provide the 

line for further improvement. Section 4.2 describes the experiment design that will con

ducted through this study and relevant features of the MM5 mesoscale model. Section 4.3 

is the main body of this chapter, which presents the simulation results from different runs 

and their analysis. Finally in sections 4.4 and 4.5. the study will be summarized and the 

discussion of some important issues related to MM5 simulation will be provided. 

4.2 Description of MM5 Mesoscale Model Experiments 

The Fifth-Generation Penn State/NCAR .Mesoscale .Model, simply MM5. is the 

current version of the mesoscale model originally developed in the early "TOs at Pennsyl

vania State University [Anthes and Warner, 1978], Many changes have taken place since 

then, and the incorporation of state-of-the-art parameterizations and algorithms into the 

model makes it effective for regional weather forecasts. The most recently available ver

sion of MM5 at the time of this study was the MM5 V2 Release-2-4. All results hereafter 

in this study are based on simulations carried out with this model version. Among other 

features, the MM5 has a multiple-nest capability, a hydrostatic or nonhydrostatic dynamic 

structure, and a 4DDA facility. The MM5 has been used for a wide range of theoretical and 

real-time studies. For example, it is being operationally run by the University of Utah and 
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the University of Washington to provide real-time weather predictions over their respec

tive areas. On the meso-p and meso-y scale (2-200 km), it can be utilized to study 

mesoscale convective systems, fronts, land-sea breezes, mountain-valley circulations, and 

urban heat islands. 

4.2.1 Experiment Design 

4.2.1.1 Predictability of Mesoscale Rainfall 

The fundamental nature of the atmosphere is basically highly nonlinear, chaotic, 

and non-periodic. Therefore, prediction of the atmosphere is only possible to some extent 

corresponding to certain deterministic description of the physical-dynamic processes. To 

better understand the problem, a in-depth discussion is provided below in regard to this 

issue. 

Islam et al. [1993] investigated the range of tropic rainfall predictability at spatial 

scale from a few to several thousand km", and temporal scale between a few minutes to 

several hours. They use an equilibrium model (surface heat fluxes and radiative cooling), 

and show that the predictability is a function of space-time averaging. This can aid in using 

physical mesoscale models for extensive predictive applications like flash flood forecasts. 

It can also be used to design the optimal set of space-time averaging for remote sensors and 

to determine the resolution of flood-predicting models for a given predictability range. By 

providing predictability at catchment scale (60 km x 60 km; or meso-(3 and smaller), this 

study complements the knowledge of model sensitivities to initial condition (IC) at global 

(unbounded model) and regional or limited area model (LAM) (with domain size of 

meso-a and bigger) scales. 

However, when small errors are added to the ICs (not the BCs) of a LAM at meso-a 

and bigger, the simulation from the perturbed ICs and that from unperturbed ICs do not 

diverge as they would with an unbounded model or global model [Anthes et al., 1985; 
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Errico md Baumhefner, 1987; Vukicevic and Paegle, 1989; Warner et al., 1989). Among 

a number of processes affecting the error growth, the lateral BCs have a dominant impact 

on the solutions. The perturbed atmosphere on the domain interior is advected out of the 

limited domain at the outflow boundaries, and the identical BCs cause unperturbed atmo

sphere to be swept at the inflow boundaries. A major portion of the initial perturbation can 

be dissipated by numerical filters or diabatic processes. Parametrized horizontal diffusion 

is also very effective at dissipating error at small scales. Islam et a/.'s study indicates that 

at meso-p and a scales, where various instability may influence a major portion of the 

domain, variations in ICs can result in more divergence of solution. The initial state per

turbation introduced from equilibrium (at 60 hour from start) does demonstrate such a 

scenario (it takes about 50 hour to reach this radiative-convective equilibrium for a given 

forcing). 

Islam et al. suggest to use two measures to study the predictability by calculating 

the space-time errors. The measure of predictive error in time is quantified as a function of 

time elapsed since the perturbation, which basically is the spatially averaged prediction 

error (RMS) of a specific level of space-time averaging. The standard deviation of the 

control rainfall is used as a RMS function of a specific space-time averaging to denote the 

natural variability of the process. The comparative ratio of the prediction error and the 

known mean rainfall (or natural variability) can be used to measure predictability range in 

time. For spatial measure, the correlation (coefficient) between the control and perturbed 

rainfall field is used as a function of prediction time. 

A very interesting point from their paper is the upper limit of prediction error. As

suming same mean and standard deviation for the control and perturbed runs, when t is 

large enough, prediction error = 2'~ x standard deviation of the true rainfall, irrespective of 

the perturbation (amplitude and distribution). This result actually implies that the perturbed 

rainfall will never diverge from the control run. The results of normalized variability - the 
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upper limit over mean rainfall (refers to the saturation prediction error from the known 

mean rainfall) show that a space-time average of 25 km-15 min (or larger averaging) is 

necessary to limit the error growth below the mean. At 30 km-2 hour, the normalized 

variability is reduced to about 0.2, which means that the error growth in time approaches 

about 1/5 of the mean rainfall if averaged at 30 km-2 hour level. However, it is necessary 

to note that the dependence of this result on the model resolution and specific situation. It 

does not mean that one can read the same number from the above relationship for a me-

soscale simulation with 30 km resolution and 2 hour averaging. 

4.2.1.2 Numerical Experiment 

This MM5 study will focus on a much larger area (35 x 40 grids with 30 km reso

lution vs. 60 km X 60 km). As summarized above, the error growth in LAM is very distinct 

compared with unbounded model - the error associated with ICs are dissipated fast, while 

the fields do not weaken in time. In Islam et al.^ paper, the experiment indicates that at 

catchment scale, considerable errors may still exist as a result of initial state error. There 

are three contributing factors to their results: (i) small area - instability or perturbation 

influence the major portion of domain, greatly increasing the significance of impact at 

weak forcing conditions; (ii) equilibrium state - the relative instability is much larger when 

introduced into a system in dynamic balance; and possibly (iii) relatively weak boundary 

forcing. While the measures of predictability range in time and space, as recommended by 

them, are applicable generically, the equilibrium-state method is esoteric, because most of 

the applications often involve a specific case study that is not in the state of equilibrium. 

Nevertheless, one still can create the balanced state by running the specific forcing peri

odically until it reaches the equilibrium. A perturbed simulation is then execute from the 

equilibrium. 

This study chooses a meso-P resolution of 30 km to implement the predictive sim

ulation of MM5 upon extreme precipitation that occurred during the 1993 Great Flood 
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period, because 30 km is the typical resolution used in summertime rainfall simulation, 

which can resolve most of the mesoscale storms or group of storms except for single-cell 

local thunderstorms. An operational domain of 35 x 40 grids, centered at 40.5°N and 

94.5"W, is configured for model computation. As presented in Figure 4.1, the domain 

covers the Upper Mississippi River Valley and the Lower Missouri River basin, which was 

the major flooding area in the summer of 1993 (floods concentrated on two segments from 

Minneapolis, MN to Cairo, IL along the Mississippi River, and from Omaha, NE to St. 

Louis, MO along Missouri River) [Lott, 1993]. For the inputs to the experiments, the model 

takes the twice-daily TOGA Basic Level III (2.5° x 2.5°) analysis data to horizontally in

terpolate it as the first-guess to the mesoscale model grids. Further improvement of the 

large-scale meteorological analysis is conducted by the objective analysis with the 

"banana-shape" weighting function on the surface and upper-air observations, form which 

the boundary and initial conditions are created for the simulation. The MM5 used in this 

study is a nonhydrostatic, compressible, primitive equation, terrain following, vertical 

coordinates model having 23-(j levels with model top at 1 mb. The model uses a staggered 

horizontal gird. Model runs with time steps of 90 seconds or less (different CPSs require 

different time steps due to dynamic allocation of memory), and with radiation calculation 

at every 30 minutes and mass-balance check every 60 minutes. The simulation focus on a 

9.5-day duration starting from 0000 UTC 28 June, running continuously through 1200 

UTC 7 July 1993. To avoid the model spin-up problem, the first 12-hour simulation is 

discarded; thus, there are a total of eighteen 12-hour time periods from 1200 UTC 28 June 

that will be used for comparison. 

The reason of selecting the time interval from 28 June to 7 July is based on the 

observation that a series of mesoscale convective systems (MCSs) existed then and medi

um to extremely heavy rainstorms occurred as the consequences. The relatively long 

simulation time of 9.5 days is special and needs a little discussion here. In a operational 
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Figure 4.1 The MM5 computational domain and the prescribed landuse categories 
the model. The domain covers the Upper Mississippi River basin and the Lower 
Missouri River basin. Numbers in the 30 km grid square indicate the landuse type 
interpolated by MM5: I-Urban land, 2-Agriculture, 3-Range-grassland, 4-Decidous 
forest, and 7-Open water. 
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setting, the forecast time is often limited to less than 48 hours because without re

initialization the errors induced by ICs may eventually contaminate the solutions and cause 

the results being drifted away from the realistic. The simulations here, however, will be 

periodically forced (every 12 hours) by the lateral BCs from analysis which have blended 

with mesoscale information (via objective analysis). As discussed before, the model errors 

caused by errors in ICs will be quickly disniissed in LAM simulation. In fact, there are 

some investigations of the summertime rainfall that used a relatively long simulation time,. 

For example, Giorgi [1991] did a simulation of a month (I to 31 July 1979) to study the 

summer precipitation sensitivity over the Western United States; Viikicivic and Errico 

[1990] executed a 96 hour simulation of Alpine cyclogenesis. This will be shown in more 

detail by the of the study when discussing model errors. 

In order to fully take advantage of the MM5 capability, this work exercises a few 

different combination of physical options when setting up the runs, which are cautiously 

examined in view of their working range to fit the nature of the convective events. As 

summarized in Table 4.1, four cumulus parameterization schemes and two explicit mois

ture schemes are paired to make eight independent runs. These precipitation physics 

include almost all current candidates that are potentially suitable for the simulation of ex

ceptional warm season rainfall of the midlatitudes. The following physical options, 

including the standard landuse categories for the terrain, are applied to all model runs: the 

high-resolution Blackadar PBL scheme, which includes vertical mixing of moist adiabatics 

in a free convective mixed cloud layer; the atmospheric radiation process parameterized by 

the cloud-radiation scheme, which accounts for both long-wave and short-wave radiation 

effects due to clouds and clear air; the terrain surface temperature that is calculated based 

on the surface energy budget and is distributed vertically through the five-layer soil ther

mal diffusion, and horizontally through diffusion of temperature perturbation. The shallow 

convection effect is also included to compensate the deep cumulus convective process. For 
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the concise description of these parameterization, please refer to the document provided by 

Grelletcil. [1994], 

Table 4.1 Summary of model settings of the 12-hour forecast experiments 
by the MM5 mesoscale model system. The land-surface features are those 
generated by the standard model settings for summer time. 

Cumulus Scheme Moisture Scheme Land-Surface Model Run 

Grell Simple Ice standard Grell -1- simple ice 
Graupel standard Grell + graupel 

Anthes-Kuo Simple Ice standard Kuo + simple ice 
Graupel standard Kuo -1- graupel 

Fritsch-Chappell Simple Ice standard PC + simple Ice Fritsch-Chappell 
Graupel standard PC + graupel 

Kain-Fritsch Simple Ice standard KF + simple ice 
Graupel standard KF + graupel 

4.2.2 Cumulus Parameterization Schemes 

4.2.2.1 The Anthes-Kuo Scheme 

The fact that large-scale water vapor convergence is strongly correlated with con-

vective rainfall is used to design the Kuo scheme, as first worked out by Kuo [1965] and 

later versions [Kuo, 1974], which is the basis of the Anthes-Kuo scheme (simply Kuo 

scheme hereafter). The fundamental concept is a large-scale water vapor budget and its 

vertical integral. Water mass is conserved within a vertical column in either vapor, cloud 

water (and ice), and rainfall between the sources from convergence and surface evapora

tion, the storage term and the sink term of precipitation. Given the large-scale variables to 

be utilized to compute convergence (and surface evaporation), the key issue is how to 

partition the source into storage term and precipitation. Convection initiates when the total 

column-integrated moisture convergence exceeds a threshold and the air is conditionally 
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unstable. Kuo [1965, 1974] gives a fraction of the total moist convergence to be condensed 

and precipitated, while the rest is stored to increase the column humidity. 

It is apparent that the Kuo scheme requires convergence to be greater than rainfall, 

which may not be satisfied after convection reaches the mature stage. The effect of pre

cipitation downdrafts is not included. Shallow convection should also be included to 

compensate for the underestimation of moisture sink in the lower levels. There is no cloud 

model in the Kuo scheme. 

4.2.2.2 The Grell Scheme 

The Grell scheme is a modification and simplification of the Arakawa-Schubert 

scheme {Arakawa and Schubert, 1974], with a simple cloud model having updrafts and 

downdrafts, but no entrainment or detrainment. The Arakawa-Schubert scheme is a cou

pled scheme considering a spectrum of clouds, the mixed layer, the large-scale forcing 

function with horizontal and vertical advection, the radiation, and the surface fluxes of heat 

and moisture. An ensemble of cumulus clouds functions either by inducing subsidences to 

warm and dry the environment, or by detraining saturated air with cloud water from the 

cloud top. The cloud mass vertical flux or distribution is determined by assuming a cloud-

work function, as the large-scale motion feature to measure total buoyancy force in the 

clouds, to be in a quasi-equilibrium state. The subgrid precipitation is given as the pro

duction of the column-integrated condensation, cloud-base updraft flux, and the precipita

tion efficiency. 

4.2.2.3 The Fritsch-Chappell and Kain-Fritsch Schemes 

Designed especially for mesoscale models, the Fritsch-Chappell (simply FC here

after) scheme [Fritsch and Chappell, 1980] includes a one-dimensional cloud model to 

calculate cloud properties. Individual clouds are either entraining moist updraft or 

downdraft. The available buoyant energy is used to determine the amount of convection, 

and the stabilizing rate is specified based on a prescribed time (the assumed lifetime of 
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individual convection cells) required for average wind to advect the clouds across a grid 

element. Deep convection takes place from a mixed layer lifting condensation level if: 

Tp-Ta  +  AT>0;  AT=c iW'^^  (4.1) 

where Tp and Ta are the temperature of saturated parcel and ambient air, respectively; c/ is 

a dimensional factor; and W is the local vertical motion. Cloud condensate is removed as 

precipitation by an empirical precipitation efficiency which depends on the vertical wind 

shear and cloud base height. 

The Kain-Fritsch scheme (simply KF hereafter) [Kain and Fritsch, 1993] uses an 

improved cloud model, mainly by allowing cloud/environment interaction. The FC/KF 

scheme are not valid in tropics as they are in midlatitudes because there is no strong rela

tionship between the convective rainfall and buoyant energy in tropics. 

4.3 Results and Analysis 

4.3.1 Simulation of 12-hour Accumulated Precipitation 

The overall behavior of MM5 precipitation prediction can be assessed through 

comparison of the forecast with the ground-truth obtained from National Climate Data 

Center (NCDC) (National Weather Service Hourly Precipitation Observation). The 

observed precipitations of each 12-hour interval are presented in Figures 4.2(a), through 

4.2(c) which shows widespread heavy (defined as 50 mm or higher during 12 hours) to 

extreme (defined as 100 mm or higher during 12 hours) precipitation for almost every 

12-hour interval in the period June 28 to July 7, 1993. The rainfall patterns reflect the 

typical characteristics of mesoscale precipitating cloud systems in midlatitude. As will be 

discussed in detail, the most severe weather was caused by a mesoscale convective com

plex (MCC) between 0000 UTC to 1200 UTC on 1 July. The rainfall of 1200 UTC 5 July 

to 1200 UTC 6 July illustrated the feature of another category of mesoscale convective 

systems (MCSs): squall lines, with the orientation along the SW-NE domain axis. Many of 
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the rest rainfalls exhibited more significant dual effects of frontal precipitation and con-

vective storms. As the organization of rainfall approaches to more intensive regions, they 

appeared either as rainfall bands (for example, from 0000 to 1200 UTC 4 July, and 0000 to 

1200 UTC 6 July) or as randomly distributed supercell thunderstorms (for example on June 

29 and 30). 

The full spectrum of convective precipitating systems provide a good opportunity 

for evaluating and testing the MM5 mesoscale predictability under the anomalous weather 

conditions. A comprehensive statistical evaluation of precipitation prediction skills in

cludes the timing, structure/orientation, and peak values. Here, the structure is defined as 

the geometric shape of rainfall field, and orientation is defined as the relative position of 

rainfall field with respect to the domain. For a temporally sequential comparison, timing is 

no longer a major comparing factor. For this reason, the analysis of rainfall simulation will 

focus on the physical and dynamic processes and the evolution of the precipitating sys

tems, rather than a traditional, complex statistical comparison, as did by many studies. 

Based on such criteria, the comparison of model simulations with observations generally 

indicates that all cumulus parameterization schemes (FC/KF, Grell and Kuo) are applicable 

under the 1993 extreme circumstances, because they all shown successful to a certain de

gree as described in detail in the next section. Before doing that, it is desirable to examine 

the quantitative comparisons of 12-hour rainfall simulation by different CPSs and EMSs 

which is presented in Figure 4.3(a). This figure shows that each cumulus scheme performs 

differently with regard to domain-averaged 12-hour total rainfall prediction. The Grell and 

Kuo runs underpredict all the rainfall > 4 mm/12 hrs, while the FC runs overpredicts or 

exactly predict all 12-hour total rainfalls. For rainfall < 4 mm/12 hrs, the Grell and Kuo 

runs still tend to underestimate more often than to overestimate, particularly in the Grell 

case. The FC scheme works better in simulating rainfall > 4 mm/12 hrs than those < 4 

mm/12 hrs, and it is the best among all runs in predicting the largest rainfall of 8.19 mm/12 



hrs, which was taking place between 0000 UTC to 1200 UTC 1 July, due to an extraordi

nary mesoscale convective complex system which will be discussed specifically later. The 

KF scheme provides the closest simulation for rainfalls < 4 mm/12 hrs. suggesting that the 

improved cloud model in KF helps to improve the forecast of rainfall under 4 mm/12 hrs. 

A more precise judgement of the best working range of each scheme can be obtained from 

Figure 4.3(b), where the average rainfall ratio against rainfall threshold is represented for 

each run. The rainfall ratio is defined as the simulated total rainfall over observation for 

each 12-hour period. The averaged rainfail ratio for the total N periods when observed 

rainfall > threshold Tp. 

where P,'" and P," are the model-predicted and observed 12-hour precipitations, 

respectively. Thus, a ratio > 1 means overprediction. The rainfall threshold is very mean

ingful here because the simulation behaves differently at different thresholds. For example, 

because the rainfall ratio equals 1 for Grell + simple ice simulation when it predicts the 

rainfall < 3.75 mm/12 hrs., it forecasts such rainfall 100% accurately in a statistical manner 

on the total rainfall amount. Each scheme, except FC. tends to increase its skill when pre

dicting the rainfall smaller than a certain threshold. The KF scheme with graupel moisture 

scheme is in fact very satisfactory in predicting rainfall < 6 mm/12 hrs. However, for pre

diction of very heavy rainfalls (> 5 mm/12 hrs.), the FC scheme (with either moisture 

scheme) is obviously better than any other run. Hence, further analysis will focus on FC 

instead of KF scheme. In fact, the structure and orientation of the simulated rainfall fields 

are similar between FC and KF runs, but the KF runs generally produce fewer intensive 

convective storms than FC runs do. as illustrated in Figure 4.3(c) (cf. Figure 4.5). 

Rainfall Ratio 

!' 

(4.2) 
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Figure 4.2a Observed 12-hour total rainfall fields (mm) from 1200 UTC 28 June to 1200 
UTC 7 July 1993. The results are interpolated data based on the NCDC/NWS Hourly 
precipitation Data. Plots are shown as the accumulated values of 12-hour period ending 
at the indicated time. All fields are plotted at contour levels 1,5, 15. 30. 55. 80. 100. 125, 
150, 200, 260, and 300 mm. Contours are selectively labeled to highlight the structure. 
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Figure 4.3a Scattering plots of 12-hour total (domain-averaged) rainfalls from 
each run versus the observations, starting from 0000 UTC 29 June to 1200 UTC 
7 July 1993. 
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Figure 4.3b Averaged rainfall rados (simulated precipitadon/observation) from each run 
during the period 28 June to 7 July 1993. See context for the definition of rainfall rado. 
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Figure 4.3c Selected 12-hour rainfall fields from KF simulation. The time (UTC) 
associated with period is the ending time of that period. 
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4.3.1.1 The Anthes-Kuo Simulations 

The forecast results from the Anthes-Kuo cumulus parameterization scheme are 

selectively presented in Figure 4.4. To avoid over lengthy, it will only present those figures 

that receive discussion in his chapter. There are several direct conclusions which can be 

drawn from this group of simulations. First, the comparison of the 12-hour accumulative 

forecasts between two different moisture schemes (i.e. simple ice and graupel, same in the 

following) indicates a very small difference in terms of predicted rainfall distribution 

(structure or substructure and orientation), but variations of the intensities or peak values 

of individual rainfall centers (resolvable in the sen.se of 12-hour accumulation, different 

from the real-time storm centers which lasted perhaps less than an hour). The differences 

in rainfall center between the two moisture schemes vary over a certain range: they are very 

close, as at 93063000 (a 12-hour period up to 0000 UTC 30 June 1993, same in following), 

93070500 and 93070700; or differ quite a bit, as at 93062900 and 93062912 (not shown), 

in which the relative differences range from 50% to 200%. 

This is understandable if the differences of the simple ice phase with the graupel 

phase scheme are known. In the simple ice scheme, the cloud and rain water are explicitly 

predicted, including the ice-phase processes, but there is no supercooled water. The 

supercooled water and graupel or riming processes are added in the graupel scheme (also 

Goddard microphysics, the two explicit moisture schemes will be referred to as graupel 

and simple ice, unless otherwise specified), allowing prediction of ice number concentra

tion and graupel [Dudhia, 1989]. Because cumulus convective clouds frequently involve 

the riming and aggregation growth of graupel or hail particles, the graupel scheme will 

make a difference when the cloud microparameters are favoring such processes, as was 

often the case from June 28 to July 7, 1993. Accordingly, on the other hand, the two mois

ture schemes will not make any difference far away from the convective centers where the 

stratiform mechanism is predominant and no ice-phase microphysics come in to play. 
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Second, the simulated forecasts for every 12-hour period almost always have two 

to three major centers or cells where the convective precipitation processes presumably are 

prominent. The observed data, however, indicate that about half of the time periods have 

more than three major rainfall centers (Figures 4.2 and 4.4). Third, by comparing with 

observations, it can be stated that the dominant differences come from the spatial sub

structure of the rainfall; the number and intensity of primary centers and their organization. 

The areal coverage and orientation of rainfall fields are relative reasonably captured, 

although the areal coverages are often smaller than their observed counterparts (Figures 4.2 

and 4.4). 

4.3.1.2 The Fritsch-Chappell Simulations 

The precipitation predictions from the FC runs are displayed in Figure 4.5. By in-

tercomparing with each other, approximately the same impacts of moisture schemes as in 

the Kuo simulation can be seen. The whole structure and orientation of simulated rainfall 

fields are primarily determined by the cumulus parameterization, with variations in peak 

values and rainfall substructures. Quite understandably, these variations of the rainfall 

substructure contributed by the resolvable scale precipitation processes are apparently dif

ferent from Kuo experiments: the rainfall centers :u-e frequently organized in a different 

way. This phenomenon can be examined for the periods 93062900, 93063012, 93070100, 

and 93070112, and 93070400, for example, as partially illustrated in Figure 5. In addition, 

the graupel scheme often results in more obvious local highs for the rainfall fields. From 

0000 UTC to 1200 UTC 1 July (period 93070112 in Figure 4.5), the graupel scheme helps 

generate five local highs (ranging from 24 mm to 149 mm) versus only three local highs 

(ranging from 46 to 83 mm) with simple ice. The spurious local highs with graupel/simple 

ice have increased to 7/4 for the time 93070200 and 6/3 for the time 93070400 (not shown). 

Comparatively, the graupel scheme plays a rather different role in the Kuo experiments in 

which it previously intensified and isolated the rainfall centers in stead of increasing their 
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numbers (see Figure 4.4). The MM5 model physics treat the resolvable precipitation ex

plicitly, which should include, to a certain extent, the convective precipitation. Therefore, 

the explicit moisture schemes are both subject to the atmospheric moist condition and 

interactive with the implicit schemes, which are responsible for the non-resolvable pre

cipitation physics. In other words, it is essential to select not only the suitable cumulus 

parameterization but also the matching moisture scheme in order to better simulate such a 

highly wet weather condition. In contrast to the Kuo runs, the FC scheme usually produces 

more (three to eight) local highs and rainfall centers, but many of the highs are much less 

individually established. Nevertheless, this property does bring to the FC a better chance of 

catching up with the midlatitude convective-dominante precipitation, especially in com

bining with the graupel explicit moisture scheme. The Kuo and FC forecasts have some 

features in common when compared with observations: the overall orientation of rainfall 

fields are reasonably simulated with slightly bigger ureal coverage in FC simulation; major 

differences still come from the spatial substructure, mainly the rainfall center distribution 

and their intensities. 

4.3.1.3 The Grell Simulations 

The simulations of 12-hour accumulated precipitation by the Grell cumulus scheme 

are partially presented in Figure 4.6. Basically, the intercomparison within the Grell runs 

bears a fairly similar conclusion: the moisture schemes do not change much of the overall 

rainfall spatial structure and orientation. However, the interaction of the moisture scheme 

with the cumulus scheme is more significant; the graupel scheme dose not always play the 

role of intensifying the local convective rainfall centers as in the Kuo and FC cases; neither 

does it increase the number of local highs to the rainfall fields as in FC runs. Nonetheless, 

the graupel scheme also frequently helps create less-intensive precipitation centers such as 

in 93062912, 93063012, 93070112, and 93070600 (not all shown). 

The examination of the three cumulus schemes, six-group simulations of 12-hour 
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accumulative precipitation tends to indicate that no one outperforms the others. In other 

words, there is not a single set of physics options that fits into all weather conditions. Be

sides the fact that the model usually produces fewer local rainfall centers than observa

tions, another feature of model simulation is that there frequently exists a rainfall center too 

intensive in relatively less-severe situations. It happens at periods 93062912 (Grell + sim

ple ice), 93070100 (Grell + graupel and FC + graupel), 93070412 (FC + graupel and Grell 

+ graupel), and 93062912 (Kuo), for example (Figures 4.4, 4.5, and 4.6. partially illustrat

ed). Therefore, a rainfall ratio close to 1 can result from the compensatory effect from 

overprediction and underprediction. The operational impacts could be devastating if an 

extreme flash-flood producing rainstorm was severely underestimated. 
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Figure 4.4 Selected 12-iiour rainfall fields from Kuo simulation. The time (UTC) 
associated with each plot is the ending time of that 12-hour period. 
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4.3.2 Simulation of Rainfall Patterns: the MCC of 1 July 1993 

From the above analysis, the MM5 model has illustrated both successful and sig

nificant unsatisfactory simulation of the 1993 summer flood-producing rain from June 29 

to July 7 over the U.S. Midwest, in which convectively driven system was the dominant 

precipitating element. Due to the complexity of midlatitude mesoscale precipitating cloud 

systems, it is both scientifically and pragmatically significant to establish the relationship 

between the model performance and rainfall patterns. 

4.3.2.1 The MCC of 1 My 1993 

The period from 0000 to 1200 UTC 1 July manifested the surface consequences of 

an unprecedented mesoscale convective complex, as indicated in Figure 4.2 (1200 LTC 

7/01). The significant weather type was dominated by the widespread extremely intensive 

multiple supercell rainstorms. The physical structure of rainfall reflects an unique me

soscale convective complex (MCC) which, according to the definition by Maddox [1980], 

is characterized by a circular cloud shield of larger than 100, 000 km". As seen later, there 

are certainly other MCCs that can be further identified utilizing Maddo.x's criteria based on 

enhanced IR satellite images, but this MCC distinguishes itself from others by its histori

cally high rainstorm with an epitomizing size and structure of accumulative rainfall. The 

circularly organized local heavy rainfalls each emerged as a supercell, with a characteristic 

spatial extent around 4 grids (120 km) in radial direction and maximum rainfall peaks 

ranging from 80 mm to 260 nun (about 3 inches to 10 inches). 

The MCC of July 1 is clearly represented by the enhanced IR images from GOES 

satellite data in Figure 4.7, which shows the snapshots at four times in its lifetime. From 

examining the hourly images, it appears that the system was initiated as early as 0000 

GMT, located across the state of Iowa, but with its eccentricity (short axis/long axis) < 0.5. 

As it grew during the next two hours, the eccentricity reached about 0.7, and its coverage 

expanded beyond the size of Iowa state. After continuing development for another 4 hours. 
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the system approached its maximum extent at 0600 GMT as shown in Figure 4.7. with an 

approximate area of 400,000 km", where the cioud-top temperature < -32 "C. Until this 

point, the cloud shield areas with continuously low brightness temperature < -32 "C and < 

-52 "C are very close. 

From 0600 GMT to 1200 GMT, the interior cold cloud region (< -52 gradually 

decayed and finally became a few smaller scattered patches; the cloud shield < -32 "C, 

however, had survived its area with some detrainment around the edge (cf. 1000 GMT), 

until it also became dissipated by 1200 GMT. In contrast to the evolution of the (convec-

tive) clouds, an extreme surface downpour of hourly rain occurred from 1100 to 1200 

GMT, as demonstrated in Figure 4.8, which accounted for most of the total rainfall in this 

12-hour duration. In fact, as much as 15 mm/hour rainfall occurred over a very limited area 

in southwestern Iowa from 0200 GMT to 0500 GMT (from hourly rainfall data, not 

shown). The onset of maximum extent of the MCC only caused a slight expansion of the 

rainfall field. Heavy rainfalls ( > 50 mm/hour) began taking place after 0600 GMT. when 

the < -52 "C cloud area was decreasing and < -32 "C cloud area was spreading. 
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Figure 4.7 Enhanced satellite IR images for four times on 1 July 1993. From white 
to dark, the gray levels show increasingly the brightness temperature (in°C) of the 
cloud. The coldest cloud top is again represented as black patches. 
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Figure 4.8 Observed one-hour total rainfall (mm, contour levels same as in Figure 4.2) 
from 1100 UTC to 1200 UTC 1 July 1993 (the last-hour rain in the context). Two straight 
lines depict the position of the two vertical cross-sections DI-DII between grids (14,11) 
and (31,23), and EI-EII from grid (12,23) to (23,3), respectively. Four selected sites are at 
grid points S 1(13,21), S2(21,6), 53(25,16), and 54(28,21). Letters A, B, C, F, and G each 
refers to a supercell rainstorm nearby. The oval (in dashed line) illustrates where the cloud 
top temperature < - 52°C at 0600 UTC 1 July. 
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4.3.2.2 The MM5 Simulations 

(a) Surface Fluxes 

The MM5 simulation of such an extraordinary mesoscale convective phenomenon 

has posed a very difficult situation. From the best predictions by each of the cumulus 

schemes (Figures 4.4 to 4.6), it is difficult to separate a superior result from the others, if 

applying a comprehensive criterion including structure, orientation, and rainfall maxima. 

Generally speaking, however, the graupel moisture scheme can help generate more inten

sive convective centers, except in the case of Grell. because characteristically. Grell often 

produces more resolved or more precisely, nonconvective rainfall than convective rainfall 

(also shown later in this section). Therefore, the graupel scheme which introduces the 

graupel and riming processes will be unable to generate much intensive convective rain. 

The areal averaged surface fluxes from every run are shown in Figures 4.9(a). (b) 

and (c), in which the three cumulus parameterization schemes illustrate distinct character

istics in the partitioning of model-produced precipitations. Nonconvective rains dominated 

in Grell runs, and convective rains dominated in FC and Kuo runs. Particularly, in the Kuo 

cases, the total rainfalls are almost completely produced as convective rain with a tiny 

fraction of contribution from grid-resolved precipitation. The simulation of surface evap

oration. however, indicated no significant variations induced by different precipitating 

cumulus and moisture physics. If the magnitude of simulated evaporation is correct, then it 

can be concluded that the Grell and Kuo runs are less meaningful in this 9.5-day high-rain 

period because they generally fail to produce more rainfall than surface evaporation. How

ever, it needs to mention that the vertical moisture flux across the surface is not a 

component of precipitation parameterization, and it works nearly independently to the ex

plicit or implicit moisture schemes. The results of Figures 4.9(a), (b) and (c) lead to the 

recognition that the FC scheme is more capable of balancing the hydrological budget. Yet 

it is worth noticing that the Grell and Kuo schemes do produce more rain than evaporation 
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during the lifetime of this MCC (Figures 4.9(b) and (c), OZ to 12Z I July), although they 

always produce less total rainfall than FC does throughout the whole study period. Due to 

the nature of the Kuo and Grell schemes, it can be identified that this extraordinary MCC 

system must be associated with strong large-scale moisture convergence, as it is indeed 

recognizable via the satellite images that a strong conveyor belt was persistently pumping 

warm, moist air into the region (cf. Figure 4.7). 
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Figure 4.9a Time series of predicted surface precipitation and evaporation by FC runs 
from 0000 UTC 28 June to 1200 UTC 7 July 1993. Results shown are domain-averaged 
values at 1.5-hour intervals. Also included are the panitioning of total precipitation into 
convective and nonconvective types. The 0000 and 1200 UTC times are presented as 0 
and 12 Z time in the upper graph, respectively. 
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Figure 4.9b Same as Figure 4.9a except for Grell 
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Figure 4.9c Same as Figure 4.9a except for Kuo. 
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( b )  M e s o s c a l e  C i r c u l a t i o n  

Although the model simulations are overall far short of rainfall maxima, the es

sential problem comes from the simulation of the last-hour rain, as shown in Figure 4.8, 

The model is barely able to do anything in response to this event which was happening in 

the decaying stage of the MCC. five hours after the mature stage. Comparing this obser\'ed 

hourly precipitation (Figure 4.8) with its upper air conditions (Figure 4.7. 1000 GMT 

through 1200 GMT), it can be verified that only one (storm A) of the five characteristically 

sized supercells (A. B, C, F. and G) was generated near the most-intensive convective zone 

within the system, which was in central Illinois. The four others, which were much heavier, 

were evenly distributed in the western half-sector or the edge of the cloud system as it 

moved eastward. The performance of simulations shows a close relationship between the 

distance from the rainfall center to the nearest most-intensive convective zone. Every run 

has reproduced storm A with an accurate center location, some runs just cannot separate 

storm A from B (Kuo. FC + simple ice), and some runs create a displaced superstorm B or 

C (Grell + graupel. FC -i- graupel) (cf. Figures 4.4. 4.5 and 4.6). Because these supercells 

existed only in the last hour of the 12-hour period, the simulated 12-hour rainfall tendency 

does not indicate if the prediction is at right timing. They are basically not. as will be 

disclosed next. 

Figures 4.10(a) to (d) present detailed simulation results for the July 1 .MCC from 

three best model runs; FC + graupel, Grell + simple ice. and Kuo + graupel (these experi

ments will be called FC, Grell, or Kuo for simplicity in this .section). They illustrate the 

model internal behaviors at two critical times in the whole life cycle of the mesoscale 

convective complex: one is 0600 UTC, which corresponds to the maximum extent of the 

system; the other is 1100 UTC which marks the onset of the last-hour extreme precipita

tion that all runs have largely missed. Figure 4.10(a) shows that all three experiments 

produce a mesoscale low pressure system, but the pressure field produced by Grell is dif
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ferent from the other two. The previous two-hour total rainfall fields from FC and Kuo 

have a close relationship with the mesolows at 0600 UTC and spread downwind according 

to the steering wind (cf. Figures 4.10(b) and (d)). At 1100 UTC, the system has propagated 

to the east, and decaying of the main body can be observed. The simulated sea-level pres

sure fields from FC and Kuo resemble such a tendency by a single, eastward-shifted 

mesolow from merging the two lows in the steering wind direction. This movement strong

ly disfavors the production of multiple supercells that would take place in the next hour, 

and eventually, only a small amount of rainfall has been reproduced (shown later in Figure 

4.11(d)). Despite the differences among the three runs, they all have a dominate tendency 

of dissipating. This kind of model performance is consistent to the conceptualized life cy

cle of midlatitude MCSs, in which the precipitating cloud system changes from being 

intensively convective to more stratiform as the system mature or start to dissipate 

[Brandes, 1990; Maddox, 1980; Rutledge et al., 1988]. This MCC. however, is an extraor

dinary exception to the average, and it needs to be appropriately accounted for in order to 

improve the model prediction. 

The simulated 300 mb wind/temperature fields are illustrated in Figure 4.10(b), 

which shows basically the downstream portion of a jet streak of the polar jet stream, as can 

be recognized in the fourth quadrant of the nest domain. This reflects the synoptic back

ground of a persistent wave pattern with amplified southwesterly flow [Bell and Jcinowiak, 

1995], or more precisely, a well south displaced polar jet stream across central North 

America [Trenberth and Guillemot, 1995; A^OAA, 1994], which usually stays along the 

U.S.-Canadian border. The simulation of isotherms shows clear variations from FC to Kuo 

(Grell produces similar isotherms as Kuo does, not shown): the FC scheme which uses 

available buoyant energy to drive cumulous convection creates a more complicated ther

mal su-ucture with a ridge over Iowa and a tighter temperature gradient aloft than that from 

Kuo (and Grell). Also illustrated in Figure 4.10(b) are the positions of a cold front at the 
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surface simulated by the FC, Grell and Kuo runs, where the sharp wind-shift line and 

strong temperature gradient indicate the leading edge of a frontal stretch. The Grell 

scheme, which has an internal parameterization of boundary layer structure obviously pro

duces a tightest temperature gradient and farthest protrusion to the south, while the FC 

scheme, which does not directly take account of the large-scale forcing produces the least 

typical shape of the front. Another important difference is the relationship of the 

precipitation-active area with the front. The accompanying rainfalls take place in the fron

tal zone or the cold sector in FC and Grell runs, while in the Kuo mn. the precipitation 

originates in the warm air before the front (cf. Figure 4.10(a)). Also notice that the frontal 

position and stretch fundamentally determines the general structure and orientation of the 

12-hour rainfalls (cf Figures 4.4, 4.5, and 4.6) and because the Kuo scheme manages to 

simulate a long stretch in consistent with the conveyer belt which is fueling the system with 

warm moist air, heavier storms are generated along this line. Comparatively, less intensive 

rains are generated as storms grow from the colder zone behind the front (FC) and coldest 

zone behind the front (Grell). 

At 200 mb. a strong divergence of wind flow associated with the .MCC is found in 

each of the simulations shown in Figure 4.10(c). The predicted divergent center with local 

maxima in magnitude ranging from 0.5 to 1.3 (x 10''s'') indicates the position of the out

flow over the cirrus anvil of the storm. Comparing with the two-hour rains in Figure 

4.10(a), the divergent maxima from FC and Kuo are in good agreement with a strong 

convective region (and local rainfall peak) nearby. The Grell run, with the strongest di

vergent center (peak value 1.28 x 10'^ s ' ) among all runs, is the overshooting cumulon

imbus tops corresponding to an earlier storm growing in the vicinity (in north-central 

Missouri). Checking into many local divergent highs also gives some clues of the simu

lated life cycle of the MCC and its accompanying precipitations. For example, in the FC 

case, there are three or four less strong local divergent centers growing from 0600 to 1100 
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UTC, each corresponding to a local rainfall maxima as seen in Figure 4.5. The three very 

strong maxima from the Kuo simulation are related to the three supercells A. B. and C in 

Figure 4.4. and they initiate and develop in a sequential time fashion: from storm A. B. to 

storm C. Superstorm C is produced in the downstream of wind with a time lag relative to 

A and B, and it still grows at 1100 UTC when the other two storms already dissipated and 

die out completely (also cf. Figure 4.10(d)). Overall, it can be once again noticed that the 

model has a strong skill of simulating precipitation along the direction of environmental 

steering wind (SW-NE). but there is no sign of storm initiation in the direction normal to it 

(SE-NW). 

Warm advection. usually together with significant moist advection in the lower 

troposphere, favors the formation of cumulus convection and formation of MCC. This is 

very often conducted by the prevalence of the so-called low-level jet stream (LLJ) in cen

tral North America, which consistently pumps into the area conditionally unstable moist air 

from the Gulf of Mexico. This important dynamic structure is similarly simulated by all 

three runs as representatively depicted at 1100 UTC in Figure 4.10(d) for the FC case. The 

cyclonic rotation of wind flow indicates the low-level inflow zone of the updraft. which is 

also where strong moisture convergence (peak value 5.8 x 10"^ s"') occurs due to uplifting 

of the humid air. Most interestingly, the Kuo scheme that has no parameterized convective 

downdraft has the behavior as identified at both 0600 and 1100 UTC (not shown). The 

Grell scheme, on the other hand, always has a broader and less-intensive moist convergent 

field, together with the divergent highs located near each convergent maxima, presenting 

the characteristics of the Grell scheme: an ensemble of cumulus clouds either induces sub

sidence to warm and dry the environment, or detrains saturated air with cloud water. It does 

not need as strong an updraft/downdraft as in FC or Kuo to cause moisture to condense or 

cloud water to evaporate. 
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Figure 4. lOa Simulated sea-level pressure at 0600 UTC and 1100 UTC 1 July 1993. 
Shaded areas are model-predicted precipitation fields > 1mm from 0400 to 0600 UTC. 
Local rainfall peaks are indicated by larger letters/numbers (mm). Smaller numbers 
indicate pressure levels (in every 2 mb) 
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Figure 4.10b Simulated winds (full barb. 
12 m/s for 300 mb, lOm/s for surface) 
and isotherms ( 2 degree interval contour) 
at both 300 mb and surface (a = 0.995, 
the lowest o level above ground) 
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Figure 4.10c Simulated divergence fields (1/s) at 200 mb at 0600 UTC and 1100 UTC 
from each run. The arrows point to the divergent maxima with magnitude. 
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{ c )  T h e r m o d y n a m i c  C h a r a c t e r i s t i c s  

The prevailing view of mesoscale (and synoptic scale) models expects underesti

mation of the heaviest local rainfall because of their limitation on resolution and approxi

mation on parameterization. However, it remains unexplained that the model (with certain 

physical options) also overestimates many events. More importantly, many of those over-

predictions would be very close to observations of the heaviest rainfalls if they were made 

for the heaviest cases. For example, the 12-hour total rainfall forecast from 0000 to 1200 

UTC 29 June by Kuo (with both moisture schemes), from 1200 to 0000 UTC I July by FC 

+ graupel, and from 00(X) to 1200 UTC 4 July by Grell + graupel are many times larger 

than their observed counterparts but equivalent in ranks to the rainfall maxima given in 

Figure 4.8. This dilemma, however, does not suggest that the conditions associated with 

these overprediction cases are "greater than" those associated with extreme events, but 

rather that they are favoring the production of exceptional high rainfall, and the model does 

the right thing in a wrong way: the model cannot distinguish the triggering mechanisms 

from forming a normal to sustaining an extreme convective rainfall at those times. 

To examine the model performance of predicting environmental thermodynamic 

conditions corresponding to the last-hour torrential rain from the MCC on 1 July, two 

cross-sections normal to each other (DI-DII and EI-EII) and four sites (S1, S2, S3, and 54) 

are selected as shown in Figure 4.8, which geographically represents the infrastructure and 

orientation of this great rainfall event. The model-predicted thermodynamics are illustrated 

in Figures 4.11(a) through (f). In Figures 4.11(a) and (b), the simulation of the vertical 

motion or circulation vector demonstrates both consistencies as well as large variations. A 

glance of maximum vertical wind speed in the DI-DII section shows that Kuo scheme 

consistently produces the largest upward motion at 0600 UTC (when the MCC system 

reached its maximum extent) and 1100 UTC (the onset time of the last-hour rain), with 

values of 3 m/s and 1.7 m/s, respectively. The FC and Grell simulations exhibit a decreas
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ing trend from 0600 to 1100 UTC, with the strongest uplifting area remains un-shifted, 

suggesting a continuing, though weakened, occurrence of convection. In cross-section EI-

EII. simulation of upward motion from 0600 UTC to 1100 UTC exhibits an extremely 

weak, even downward motion near the two supercells SI (located about 67 km from the 

left side of the graph) and S2 (located approximately 100 km from right side of the graph), 

where a real-time superstorm will be occurring immediately (cf. Figure 4.8). This clearly 

explains the almost complete miss-out on the last-hour rain event by simulation. Generally 

speaking, the updrafts produced by the three runs at either times are weak and the maxi

mum lifting levels are too high (above 400 mb in all runs). Figure 4.11(a) also displays the 

internal circulation of wind in the DI-DII plane. The results from FC runs apparently show 

three uplifting areas, while the other two only create one major uplifting area in the middle. 

Further examination with the vertical wind cross-section for FC (not shown) suggests that 

the FC scheme simulates a clear gravity wave pattern, exited by the cumulus convection in 

the overlaying stably stratified environment which has not changed much from 0600 to 

1100 UTC. The gravity wave, propagating from the cutting edge of the downdraft outflow, 

usually leads to subsequent new storm growth by interacting with cumulonimbus clouds. It 

is beyond this paper's scope to investigate such an issue due to the requirement of observed 

data at higher resolution. 

The distribution of lifted index (LI) from each of the above runs at the two times is 

plotted in Figure 4.11(c). The lifted index is defined as T500A - T500L. where T500A is the 

ambient temperature at 500 mb, and T500L is the lifting temperature at 500 mb. The index 

basically evaluates the potential of convective storm by comparing the stability (instabili

ty) when raising an air parcel having the average mixing ratio at the lower troposphere and 

the predicted diurnal maximum surface temperature. Verifying the LI fields and the cor

responding surface winds/isotherms (Figure 4.10(b), 1100 UTC fields not shown) indicates 

that the LI fields resemble the latter very well under all circumstances, which leads to the 
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conclusion that the MM5 simulation of the front has a predominate effect in determining 

the atmospheric instability, and thus the potential of precipitation production. The overall 

LI structure exposes a relatively stable, distinct separation line in the middle of the first 

quadrant (the zero contour) above which (to the northeast) the atmosphere is stably strati

fied, with the exception of the Grell run at 0600 UTC. when the stable air (contours with 

positive values) extends greatly further. The index also shows that the simulated air ev

erywhere below the separation line has the potential of generating showers or rainstorms. 

As previously analyzed, the experiments fail to predict supercell storm F and G (cf. Figure 

4.8), which are aligned in the direction perpendicular to the horizontal mean wind, mainly 

because of lacking of lifting force. Because comparison of the location of storm C shows 

that it mostly falls into the predicted stable zone in the index fields (Figure 4.11(c)). its 

prediction is physically ruled out. In contrast, in the mean wind direction, supercell storms 

A and B (also the rest several smaller showers in between them. cf. Figure 4.8) are more or 

less successfully caught, because first, they are all located in the region where the LI indi

cates potential shower generation, and second, they are formed in coincidence with regions 

of abundant moisture - the areas having the highest precipitable water in the atmosphere 

(Figure 4. U(d)). The forecasted precipitable water in all three runs ranges from 2.5 cm to 

about 6 cm at the places where the supercells occurred, and that is enough to support a 

typical flash-flood rain in the central U.S. 

Although the atmosphere is dry static, stably stratified (see Figures 4.10(a) and (b)), 

it is primarily moist unstable above 800 mb due to the presence of the low-level jet (LLJ) 

that furnishes the moist, conditionally unstable air. As illustrated in Figure 4.11(e), the 

overcapping of warm, humid air also causes a moist stable layer beneath it to form which, 

like the upper unstable layer, exhibits a sharp gradient of equivalent potential temperature. 

The depth between them approximately depicts the cloud layer associated with the lower 

troposphere vapor transport. Not surprisingly, the simulation behaves differently from one 
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scheme to another. The moisture convergence-dominated Kuo scheme responds to such a 

moisture intrusion most thoroughly by forming the least stable layer down below (the air 

possesses more moist energy at 0600 UTC, not shown). The FC and Grell runs, however, 

show a partial penetration of the moist jet stream, especially along the EI-EII cross-section. 

The Grell scheme is least sensitive to the LLJ, partially due to the nonexistence of cloud 

entrainment/detrainment in the scheme. The less penetration of LLJ causes FC and Grell to 

be unable to predict storm B. The Kuo run also seriously underpredicts storm B, because 

the atmosphere is dynamically neutral in the vicinity. From 0600 UTC (Kuo run not 

shown) to 1100 UTC (FC and Grell runs not shown), all simulations indicate a reducing 

trend of moist instability with some modification of stratifying structures. It is worthy no

ticing that the structure of absolute momentum does not change much either, and an 

external source of energy (LLJ forcing, vertical cumulus convection, etc.) is required for 

the motion of air. 

The energy of convection is best evaluated by the so-called Convective Available 

Potential Energy (CAPE), which is the positive area (with plus signs) between the lifting 

temperature and ambient temperature on a thermodynamic diagram as illustrated in Figure 

4.11(0, case S2. Likewise, the energy of Convection Inhibition (CIN) is the negative area 

(with minus signs), which is the amount of energy needed to overcome the (conditional) 

stability of the lower level atmosphere. Frontal updating, orographic lifting, and convective 

lifting are the common sources providing upward mechanical forcing. For the selected lo

cations, the CAPE and CIN are calculated as numerical integral of; 

L2 

R J [T {p )  -  r„ {p ) ]dlnp (4.3) 

II 

where LI and L2 will be LFC (level of free convection) and ETL (equilibrium temperature 

level) for CAPE, and LCL (lifting condensation level) and LFC for CIN, respectively; T 
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and Ta are the lifting and ambient temperature, respectively. To be more realistic, the lift

ing temperature is obtained from an average temperature and dewpoint of the lowest 100 

mb layer; thus the integration of CEN actually started from somewhere below LCL. 

The values of CAPE and CIN of the selected four sites (S1 through S4) from each 

experiment are listed in Tables 4.2 to 4.4. The results in the three tables show enormous 

variations of simulation at sites S3 and S4, whereas the simulation at sites S1 and S2 are in 

agreement among all runs at both 0600 and 1100 UTC. The thermodynamic profiles of S1 

and S4 from each run and S2 from FC are displayed in Figure 4.11(f). As indicated, all 

simulated profiles of site S1 resemble others well, especially at levels above 800 mb. while 

they differ from each other greatly at site S4. For the S1 and 52 simulation, the discrepan

cies in moisture and thermal status simulation in the lowest I km layer result in certain 

variations of the CAPE/CIN values, but in general, extremely large CIN values are pro

duced; averages from three run are 175 J/kg for S1, 355 J/kg for 52 at 0600 UTC, and 313 

J/kg for 51, 350 J/kg for S2 at 1100 UTC, which tend to prevent any convection. It should 

also be pointed out that at 0600 UTC, the Grell run still has the potential of growing S1 

(corresponding to supercell storm F) to a certain extent because of a small CIN of 52 J/kg 

(Table 4.4). Likewise, at 1100 UTC, the Kuo run is potentially able to grow 51 due to the 

possession of a large amount of CAPE (1130 J/kg, Table 4.5). Neither of them implements 

such a scenario due to a lack of uplifting mechanisms at the lower troposphere. Along the 

axis of DI-DII (parallel to the mean horizontal wind), the Kuo run exhibits a great, contin

uous potential of generating and developing the most vigorous convection from 0600 to 

1100 UTC, with an average CAPE and CIN of 2096 J/kg and 33 J/kg, respectively (aver

aged from 53 and S4 at both times. Table 4.4). This explains the repeated formation of 

rainstorm B and C from Kuo + graupel simulation (cf. Figure 4, 93070112). Contrary to 

Kuo, FC and Grell show a highly limited likelihood of growing strong convection. Exces

sively large CIN/small CAPE values, and frequently stable stratification of the lower 
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troposphere prohibit the development of any deep convection (Tables 4.2 and 4.3). The 

case of S3 by Grell (Table 4.3, 11(X) UTC) has a shallow, stable cloud layer in the atmo

spheric boundary (thermodynamic diagram not shown), but from 800 mb, it is absolutely 

unstable with a large CAPE (1797 J/kg). However, because there is barely any negative 

buoyant energy (zero CIN), the convective process will start spontaneously, forming nu

merous smaller cumulus clouds. The consequence of this immediate development of 

convection is light to medium rain, as shown in Figure 4.11(d) (Grell run). 

Table 4.2 Convective Available Potential Energy (CAPE, J/kg) and Convective Inhibition 
(CIN, J/kg, negative values) for the four locations where vigorous convection took place 
from 0600 UTC to 1200 UTC 1 July 1993. Values shown are based on the thermodynamic 
profiles from model simulation FC + graupel and calculated using the average temperature 
and dew point of the lowest 100 mb layer as the initial temperature and dew point. Refer to 
Figure 4.8 for the geographic locations of SI, S2, S3, and S4. Refer to Figure 4.11(f) for 
the illustration of CAPE and CIN. 

0600 UTC 1100 UTC 
SI S2 S3 S4 SI S2 S3 S4 

703 562 636 203' 813 449 255 whole 
atmosphere 

297 375 55 184=* 499 435 402 stably 
stratified 

^maximum unstable layer exists at around 790 mb with CAPE = 852 J/kg. 

Table 4.3 Same as Table 4.2 except for model simulation Grell + simple ice. 

0600 UTC 1100 UTC 
SI S2 S3 S4 SI S2 S3 S4 

CAPE 770' 669 saturated to 350mb stably stably*" 533 1797'-' stably saturated to 350mb stably stably*" 

O'" 
stratified 

CIN 52' 304 stable to 700 mb stratified stratified'' 301 O'" saturated 
to 780 mb 

^atmosphere saturated and (moist) stable (from surface) up to 850 mb; values shown are from the maximum 
conditionally unstable layer around 775 mb. "^stable for the lowest 100 mb. slight conditionally unstable 
above, '"stable and saturated for the lowest 100 mb; values shown are from the maximum unstable layer at 
around 800 mb. 
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Table 4.4 Same as Table 4.2 except for model simulation Kuo + graupel. 

0600 UTC [ 100 LTC 
SI 52 S3 S4 SI S2 S3 S4 

CAPE 984' 506 2143 2434 1130 511 2024 1676' 

CIN 178' 388 63 13 128 316 51 <5^ 

^maximum unstable at around 890 mb with CAPE = 2000 J/kg. whole atmosphere moist unstably stratified 
orconvective unstable. 
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Figure 4.1 la Circulation vectors in cross-section DI-DII and w-component of wind (in 8 
cm/s contour intervals) in the vertical cross-section EI-EII with stratification of potential 
temperature fields (contour level in 4°K intervals). 
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Figure 4.1 lb Vertical wind speed (in 8 cm/s intervals) in the DI-DII and EI-EII 
cross-section with stratification of potential temperature fields (in 4°K intervals) 
Maximum values is about 1.1 m/s for FC (EI-EII) and 1.7 m/s for Kuo (DI-DII). 
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from simulation. 
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Figure 4.1 Id Simulation of atmospheric 
precipitable water (in 2 cm interval contour) 
and one hourly precipitation > 1 mm (shaded 
patches with bigger letter/numbers as local 
maxima) from 1100 to 1200 L'TC 1 July. 
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Figure 4.1 le Cross-sections showing equivalent potential temperature (mainly 
horizontal, in 4'^C intervals) and isolines of absolute momentum (mainly vertical, 
in 5 m/s intervals) from simulation. 
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Figure 4.1 If Selected thermodynamic 
charts (skew T- logp) in the vicinity of 
storms F(S1), G(S2), B(S4) for the model 
runs (cf. Figure 4.8). The heavy and thin 
lines indicate ambient and dewpoint T, 

* respectively. Background fine lines/curves 
are the moist adiabat, dry adiabat, saturation 
mixing ratio, and temperature. Diagram S2 
demonstrate the CAPE and CIN calculation. 
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4.3.3 Other MCCs (MCCs of June 29/30 and July 3/4) 

4.3.3.1 Description of MCCs 

Prior to the torrential rain associated MCC of July 1st, the significant weather of 

central North America was dominated by two successive mesoscale convective systems 

depicted in Figure 4.12(a). The first system was initiated around 0000 GMT 29 June over 

the state of Montana. Gradually moving eastbound. it attained the size as big as the cla.ssi-

fication of an MCC at 0400 GMT. The system approached its maximum areal extent at 

0700 GMT and kept its maximum size and position until 1400 UTC, when it seemingly 

decreased (both cloud-top < -52 °C and < -32 °C). The reduced system, however, managed 

to sustain its cloud-top area of < -52 °C until 1800 GMT, from which it regrew into a 

tremendous new MCC. Actually, the newly grown system first rapidly expanded on the 

northeastern side of the inner cloud top (2000 GMT), then continuously developed toward 

the central Mississippi Valley, where it obtained the maximum size at 0600 GMT the next 

day (June 30). During the next 13 hours, the system slowly dissipated. It can be seen 

greatly reduced as of 1500 GMT. 

The ground precipitation corresponding to the above mesoscale convective systems 

also has a characteristic relationship with regard to the timing of system development. As 

the system grew from 0000 GMT to 1200 GMT on 29 June (from 0700 to 1300 UTC. the 

system mostly involved in displacement), there was hardly any resultant precipitation 

( Figure 4.2, 1200 UTC 6/29). Notice the rainfall in the southeastern corner of domain was 

in fact related to a minor system or a cloud cluster centered in the Ohio River basin. Scat

tered rainfall was seen during the next 12 hours, largely related to the decaying of the first 

MCC and in combination with other convective clouds (Figure 4.2, 0000 UTC 6/30). The 

next system (the newly growing MCC aforementioned) was different to some extent, be

cause there were evenly amounts of precipitation both before and after the maximum stage 

of system evolution. The resultant rainfalls before the maximum stage (0000 UTC 30 June 
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to 0600 UTC 30 June) and after (0600 UTC 30 June to 1200 UTC 30 June) are presented 

in Figure 4.13. 

Quite similarly, another two consecutive mesoscale complexes developed on 3/4 

July over the vast area of the Dakotas and Minnesota (Figure 4.12(b)). Comparing with the 

two MCCs of 29/30 June, they were more apparently seen in evolution in the warm sector 

of an extratropical cyclone. However, the generation of the second MCC of 3/4 July was 

not from the refueling or regrowth of the first MCC, as was the case for 29/30 June, but 

triggered and enhanced from one of the minor convective systems over western Nebraska 

as indicated at 1900 GMT 3 July in Figure 4.12(b). 

4.3.3.2 MM5 Simulations of this Event 

The analysis of model simulation focuses here on the MCC of 30 June 1993. 

because its lifetime was wholly spent within the model domain, and thus the environmental 

variables associated with the MCC can be completely captured under an ideal situation. It 

can be verified that the experiments with FC + graupel, Grell + simple ice, and Kuo + 

graupel are still among the best runs based on the 12-hour precipitation criterion, although 

their other moisture scheme run is also close in terms of rainfall simulation (cf. Figures 4.2 

and 4.4, 4.5, and 4.6). Examination of the rainfall patterns associated with the MCC of 1 

July and 30 June exhibits a distinct difference between them. In the case of 1 July, by 

screening the observed hourly rainfall fields, their geometric distributions are roughly 

concentric (centered in the northwestern comer of Missouri, see Figure 4.2). There is, 

however, a large spatial transition of the rainfall field around 0600 UTC 30 June. Starting 

from 0000 UTC, light to medium (15 to 30 mm) rain showers emerged in the southeastern 

part of South Dakota, which moved eastward and also southward to northern Iowa by 0600 

UTC. A picture of the 6-hour total rainfall field is shown in Figure 4.13(a). For the next 

6-hour period, the precipitation most heavily concentrated on the state of Iowa, with some 

light showers occurring in Kansas (Figure 4.13(b)). For a budgetary analysis, the domain-
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averaged hourly rainfall is plotted in Figure 4.14(a). It shows that the hourly rainfall pro

duced by Kuo and Grell is persistently less than observation. The FC performs well with 

some under- and over-predictions from time to time. 

The development of the mesoscale precipitating cloud systems is presented in Fig

ure 4.14(b) based on the enhanced IR satellite images. As illustrated, the rainfall of the t~irst 

6-hour period was produced by two systems: one is the MCC (on the right) which was in 

its developing stage (judged by Maddox's definition [1980] and the prior and posterior 

hourly satellite images of the system, not all shown); the other is a much smaller convec-

tive cloud system (on the left, over the border of South Dakota and Nebraska) which was 

eliminated two hours later. The third system (in the third quadrant) only generated some 

scattered rains (cf. Figure 4.13). For the second 6-hour period, the major precipitation was 

predominated by the matured MCC. A line of several small convective clouds existed with 

no rain, except the one on the border of Nebraska and Kansas. The model simulations of 

these two 6-hour rainfalls are presented in Figure 4.14(c). First, the simulated spatial (or 

geometric) structure of rainfall fields and their orientation (geographic distribution) are 

similar, particularly for the second 6-hour period (0600 to 1200 UTC). Comparing with 

Figure 4.13, the first 6-hour rainfall field simulations, especially the model-resolved pre

cipitation (by the explicit moisture schemes) are greatly displaced southward or eastward, 

while the second 6-hour rainfall field simulations are distributed orthogonal to the 

observation. Second, all three runs have good skills in predicting the precipitation of a 

normal-sized convective system, i.e. the storm in the southeastern comer of South Dakota 

(from 0000 to 0200 UTC, hourly rainfall not shown). The rainfalls over the Iowa and 

Minnesota border which were produced by the MCC in its developing stage are poorly 

simulated. Nonetheless, the experiments have shown barely any sign of re-orienting the 

resultant precipitation with respect to the spatial transition of the matured MCC. The dif

ficulty of simulation is most closely related to the heavy storms produced by the MCC. 



170 

Third, it is easy to verify from Figure 4.14(c) that the FC run performs much better in 

catching the heavy storm, although it overpredicts the heaviest storm by two times. It is 

also noticeable that FC is most sensitive among ail schemes to the localized thermals in the 

right-lower comer of Missouri (Figure 4.13(a), but still over-reacted in southern Illinois 

(Figure 4.14(c)). 

Model simulation of sea-level pressure fields shows that all runs are able to repro

duce (only in part, due to the domain size limit) the synoptic low pressure which was the 

dominate large-scale background associated with the genesis and development of the MCC 

system. From 0000 to 0600 UTC, this extratropical cyclone should be largely disturbed 

mainly due to the intensive growth of the MCC (system reached maximum at 0600 UTC, 

cf. Figure 4.12(a)). The simulations, however, have not shown any responses to such a 

modification. They do produce a deepening trend, for the foremost, the Kuo run even cre

ates a mesolow or cut-off low (as illustrated in Figure 4.14(d)), which is responsible for the 

very heavy rainstorm in northeastern Nebraska from Kuo (cf. Figure 4.14(c)). Similar to 

the simulation of MCC of 1 July, the pattern of precipitation production is dominantly 

determined by the simulation of frontal systems from each run. Overall, all three runs 

produce a similarly stretched front in the fourth quadrant and isothermal structure, which 

has moved southward from 0000 UTC to 0600 UTC. Figure 4.14(d) representatively dis

plays the results from FC at 0000 UTC, Grell at 0600 UTC, and Kuo at 1200 UTC. 

Intercomparison shows that the results from Grell resemble FC's very well, while Kuo 

produces a northward-displaced, less-intensive isothermal field at all times. Also notice 

that the frontal system extends eastward and progresses southward. This more or less rep

resents the model dynamics in response to the MCC during its lifetime. In comparison with 

the simulation of MCC of I July, the model performs similarly on simulation of other 

environmental features. For example, the lifted index fields closely follow the frontal pat

tern; the precipitation production is generally coincidental to the area with maximum 
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precipitable water; tiie model produces abundant precipitable water (> 2 cm for most areas, 

and > 5 cm over rainfall areas); significant low-level jet exists. 
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Figure 4.12a Satellite (GOES) IR images showing the life cycle of MCC of 29/30 June. 
See Figure 4.7 for gray scale explanation. 
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Figure 4.12b Same as Figure 4.12a except for MCC of 3/4 July. 
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(a) 0000-0600 UTC 6/30 

90 W 100 W 95 W 

(b) 0600-1200 UTC 6/30 

90 W 100 N 95 W 

Figure 4.13 6-hour accumulated precipitation from 0000 to 0600 UTC (a) and 
0600 to 1200 UTC (b) on 30 June 1993. Data shown are based on NCDC hourly 
precipitation observations. Contours (mm, at 1,5, 15, 30, 50, 60, 80, and 100 
levels) are representatively labled. 
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Figure 4.14a Time series of hourly precipitation for a period from 0000 UTC 
to 1200 UTC 30 June 1993. Data shown are domain averages from simulation 
in comparison with raingage data from NCDC. 
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Figure 4.14b Development of the MCC of 30 June 1993. Arrows point to the position 
of the system next to the previous one from 0000 UTC (long-dashed), to 0200 UTC 
short-dashed), and 0500 UTC (solid). Ovals represent the approximate area of the cloud 
top where brightness temperature < - 521. Shaded areas indicate each of the 6-hour total 
rainfall fields with rates > 1 mm. 
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Figure 4.14c Model simulated 6-hour precipitation (mm) from each mu. Left: 0000 to 
0600 UTC 30 June 1993. Right; 0600 to 1200 UTC 30 June 1993. 
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Figure 4.14d Sea-level pressure (mb, in 2 mb intervals) simulation (1) and simulation of 
winds (full barb, 7 m/s) and isotherms (*^C, in 2°C intervals) for the lowest o level above 
ground (o = 0.995) at 0000 UTC (2), 0600 UTC (3), and 1200 UTC (4), 30 June 1993. 
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4.3.4 Squall Line of 5/6 July 

4.3.4.1 Description 

A squall line existed from 1200 GMT 5 July to 0900 GMT 6 July which can be 

identified from the enhanced IR image from the GOES satellite in Figure 4.15. Its genesis 

is clearly associated with the intensive convective region of the large-scale rainfall band 

from 0000 to 1200 UTC 5 July. Accompanied by the reduction of the cyclonic precipitating 

cloud system, the embryonic convective elements were ignited in a linear fashion at both 

ends as recognized at 2100 GMT. A well-shaped squall line emerged across the Midwest 

in the SW to NW direction. Cumulus convective clouds continued to grow at both ends for 

the next five hours until 0700 GMT 6 July when the diminishing stage began. 

4.3.4.2 MM5 Simulations of the Squall Lines 

The analysis of simulations of this squall line will concentrate on the FC + simple 

ice, Grell -t- graupel, and Kuo + graupel runs, although they are only noticeably a little 

better than their counterparts {i.e. the same cumulus scheme with other moisture physics) 

if comparing the 12-hour precipitation from model forecasts (Figures 4.4, 4.5, and 4.6) 

with observations (Figure 4.2). Examination of rainfall time series indicates a different 

behavior in temporal or hourly rainfall production (domain-averaged). As seen in Figure 

16, before the line started to dissipate (0700 UTC 6 July, the 13th hour in Figure 4.16), the 

FC (moisture scheme omitted for simplicity) run mostly overpredicts, while the Kuo run 

stays close to the observation. Grell underpredicts in the first five hours and then simulates 

well. In the decaying stage (0700 to 1200 UTC, the I3th to 18th hour in Figure 4.16), all 

three runs underpredict likewise. The FC run, however, produces slightly more than the 

amount of total rain during the life cycle of this squall line, because the over- and under-

prediction compensates each other. The other two runs seemingly underestimate the total 

precipitation, especially Grell. The development of the squall line can be verified from 

Figure 4.17 and from the information of its enhanced IR images (Figure 4.15, not all 
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shown). The formation of the squall line is a mixture of the so-called "broken line" and 

"back-building" type according to the classification from Bluestein and Jain [1985], as it 

grew toward both the southern and northern ends. In the satellite images, multiple burst 

points of convection were seen, with the southern end burst point developing most vigor

ously and moving upwind. The surface precipitation was formed in the rear part or 

downdraft region of the squall line as the system travels from the west, which is better 

presented in Figure 4.18. 

The simulation of the low-level jet has demonstrated a distinctly different environ

mental factor of forming a squall line: a significant low-level jet which has penetrated 

much farther into the high latitudes, as shown in Figure 4.19. This can be facilitated by the 

existent extratropical cyclone circulation, because the humid air in its warm sector is trans

ported along the conveyor belt at a synoptic scale, as in the case of this squall line 

development. The conveyor belt is seen as the southern portion of the so-called "comma 

cloud" in the enhanced satellite IR images (Figure 4.15. most clearly after 0200 UTC 6 

July). As previously shown in the two MCC simulations, the low-level jet stream starts to 

rotate in the middle of the domain (cf. Figures 4.10(d)), which tums the dilatation axis 

orthogonal to the air current due to the increased divergence and vorticity of wind flow. As 

a result, a rounded organization of multiple convective cells can be formed instead of an 

enlongated arrangement of convective cells. Figure 4.19 also shows that all runs demon

strate a consistent tendency during the life cycle of the squall line, with the FC run having 

a slightly stronger jet stream (wind speed up to 30 knots or 16 m/s) for most times, which 

is about the same as in the two MCC simulations. Temporally, the jet stream is most sig

nificant at 0000 UTC 6 July (maxima wind 30 knots), and has receded at iuound 1200 UTC 

6 July (maximum wind 15 knots) which is in good agreement with the observed trend ot 

squall line development. 

Figure 4.20 illustrates the troughs in simulated pressure fields associated with the 
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formation of the squall line. The pressure trough is seen moving from the west and deep

ening towards the north. At 0000 UTC 6 July, the trough is not seen as clearly as at 1200 

and 1800 UTC 5 July, and a ridge starts to build from the southwest of the domain. There 

are only small variations among the three runs; for example, the Grell run is able to produce 

a mesohigh in western Missouri at 0600 UTC 6 July, in corresponding to the precipitation 

generation over the same area. The simulations of squall line positions are best presented 

by FC and Grell at 1800 UTC 5 July and 0000 UTC 6 July in Figure 4.21. where the sharp 

temperature gradients represent the leading edge of the outflow boundaries of neighboring 

convective cells. It is once again, like the simulation of front, the FC and Grell schemes 

which have moist downdraft parameterization, produce most clearly the configuration of 

surface features. A cold front in the warm sector of an extratropical cyclone is also pro

duced in the vicinity of the squall line, which travels faster than the squall line. The 

merging tendency of the front and the squall line has caused the winds behind the squall 

line to flow southwesterly. By 1200 UTC 6 July, the winds are primarily southerly in the 

lower part of domain and southwesterly in the eastern part of the domain (not shown), with 

a new cold front starting to form over western Kansas. The advances and development ot 

this cold front system will be responsible for producing the precipitation during the ne.x.t 12 

hours (1200 UTC 6 to 0000 UTC 7 July) over the Lower Missouri River basin (cf. Figure 

4.2). The moist downdraft from the FC and Grell runs have produced a cooling area before 

the cold front and behind the squall line. Maximum cooling is visible in the Grell case at 

0600 UTC 6 July with the surface temperature of 18.5 "C and tightest temperature gradient. 

The inclusion of a boundary layer helps Grell reproduce the best surface atmospheric 

parameters. The simulation of 6-hour total precipitation by FC is illustrated in Figure 4.22, 

which gives the best results for the three periods. The results from the Grell and Kuo runs, 

although not as good as FCs, demonstrate a similar tendency of rainfall production, not 

only in terms of domain-averaged as mentioned before (cf. Figure 4.16), but also in terms 
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of rainfall orientation. The distribution of rainfall fields is as discussed previously deter

mined by the simulated distribution of precipitable water, as indicated representatively in 

Figure 4.22 for the FC case. The 6-hour rainfall simulation, however, is generally posi

tioned ahead of the observation if comparing with Figure 4.18, particularly after 0600 UTC 

6 July when the system began decaying. Again, the simulation of the system in mature 

stage and thereafter proves to be a difficult and yet important issue. 
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Figure 4.15 Satellite (GOES) IR images showing the life cycle of the squall line of 5/6 
July 1993. 



184 

1.5 

Observation 
Grell + graupel 
Kuo + graupel 
FC + simple ice 

0 1 2 3 4 5 6 7 8  9  1 0 1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 8  
Time (hour) 

Figure 4.16 Time series of hourly precipitation for an 18-hour period from 
1800 UTC 5 July to 1200 UTC 6 July 1993. Data shown are domain averages 
from simulation in comparison with measurements from NCDC raingage data. 
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Figure 4.17 Hourly precipitation distribution from the squall line of 5/6 July 1993. Data 
source same as in Figure 4.16. 
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Figure 4.18 Observed total 
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Figure 4.19 Simulated isotherms (in 2°C contours) and winds (full barb. 16 m/s) at 
850 mb for four times: 1200 UTC (FC + simple ice ) and 1800 UTC 5 July (Grell + 
graupel), and 0000 UTC (FC + simple ice) and 0600 UTC 6 July (Kuo + graupel). 
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Figure 4.20 Simulated sea-level pressure (in 1 mb contour intervals) from L200 UTC 
5 July to 0600 UTC 6 July 1993 at 6-hour time step. 
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Figure 4.21 Simulation of winds (full barb, 7 m/s) and isotherms (in 2°C intervals) at 
the lowest o level above ground. 
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Figure 4.23 Error growth of simulated 
2-hour rainfall from each run. 

Figure 4.22 Simulated precipitable water ( 
cm, in 1 cm intervals). Shaded areas are the 
simulated 6-hour precipitation after each time. 
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4.4 Summary 

(1) For the study period from 28 June to 7 July 1993, successive exceptionally high 

convective storms took place due to the passage of series of mesoscale convective systems 

in association with extratropical cyclones. The characteristics of these MCSs have been 

identified and summarized in Table 4.5. The surface consequences of these anomalous 

phenomena are presented in Figure 4.2 for every 12-hour period starting from 0000 LTC 

28 June. It should be noticed that the significant weather between two consecutive MCSs 

features strong convections (identified as the cloud-top temperature < -52 °C from en

hanced satellite IR images, not shown), but in a smaller scale (e.g. 0700 GMT 2 July) or as 

.scattered localized convective towers (e.g. 0000 GMT 2 July) and accompanied by an 

active extratropical cyclone. 

Table 4.5 Summary of characteristics of MCSs in the study period 
(28 June to 7 July 1993) over central North America. 

Time (GMT) Cloud Top Area 
« -52/'C)^ 

Name/Date Initiation Maximum Extent End Duration (hrs) ( x 10'km") 

MCC/29June 0400 0700 1700 13 130 
.MCC/30June 1900 June 29 0600 1400 19 220 
.MCC/1 July 0000 0600 1000 10 360 
MCC/3July 0300 0500 1900 16 190 
MCC/4July 0000 0500 1000 10 480 
Squall Line/5,6 July 1200 July 5 0200 0900 July 6 21 

(2) The MM5 simulation with cumulus schemes Fritsch-Chappell (FC), Anthes-

Kuo (Kuo), Kain-Fritsch (KF) and Grell has demonstrated great variations from one to 

another. The Grell and Kuo schemes tend to underpredict the 12-hour total rainfall, while 

FC overpredicts the total rainfall most of the time. The KF simulation is statistically the 

closest to observation. The scheme (more accurately, the model with the scheme) performs 
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differently towards different ranks of rainfall. The Grell scheme works best in predicting 

rainfall < 4 mm/hrs. Kuo performs better in predicting rainfall < 4.5 mm/12 hrs. where it 

has the most marginal benefits based on the rainfall ratio criteria. The KF cumulus scheme 

plus the graupel moisture scheme behaves constantly towards rainfall thresholds < 6 mm, 

while KF + simple ice tends to underpredict. As for as excessively heavy precipitation is 

concerned, the FC scheme handles the situation better than any other schemes. Although 

overpredicting, the FC scheme works best in predicting the total rainfall > 5 mm/12 hrs. 

(3) The cumulus scheme determines the structure and orientation of the 12-hour 

accumulated rainfall fields. The model generally produces reasonable overall structure and 

orientation of rainfall fields; however, significant differences in infrastructure and/or shift 

of orientation are common for ail experiments when compared with observation. There :u-e 

usually one or two heavy convective rainfall centers ;ind two to four local highs from each 

predicted 12-hour rainfall tendency field. The magnitudes of local highs and the rainfall 

coverage by FC are often greater than those by Grell and Kuo. One distinct feature of the 

rainfall tleld by FC is the constantly overpredicted 1 mm to 10 mm rainfall in every period, 

which can be identified along the edge of contours. The maximum rainfall centers in each 

12-hour period are hardly captured by any experiment, due to either great displacement or 

largely reduced peak values. Meanwhile, the model frequently overpredicts many light 

showers or scattered rains. 

(4) As it stands, the explicit moisture scheme is responsible for the resolved pre

cipitation at each model grid. The effects of the simple ice moisture scheme (simple ice) 

and Goddard microphysics (graupel) are primarily related to the generation or the magni

tude of intense convective rainfalls. Therefore, it is crucial to use appropriate moisture 

schemes in different circumstances to meet the specific purpose. The change of moisture 

scheme has shown a very limited influence on building the outline structure of rainfall 

fields. In the FC experiments, the graupel scheme helps to create or increase the magnitude 
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of rainfall maxima and local highs, along with some adjustments of some maxima and local 

highs in the vicinity. The same happens in the Kuo case, but with a lesser degree than FC. 

In contrast, the impact of the explicit moisture scheme change depends on the specific 

rainfall events. For example, the graupel scheme helps reduce the magnitude of maximum 

rainfall centers or local highs in periods from 1200 UTC 29 to 1200 UTC 30 June, and 

0000 UTC to 1200 UTC 1 July, and to increase them in periods 1200 UTC 30 June to 0000 

UTC 1 July, and 0000 UTC 6 July to 0000 UTC 7 July. The adjustment and redistribution 

of secondary maxima and spurious highs are more significant than in FC and Kuo. 

(5) Three mesoscale convective systems are examined in great detail; the MCC of 

1 July, the MCC of 30 June, and the squall line of 6/7 July. They spent their lifetime with 

the coverage of the model operational domain (inner domain). The most distinct charac

teristic of the first system is the extraordinary multiple supercell precipitation from 1100 to 

1200 UTC 1 July 1993. This last-hour torrential rain was taking place five hours after the 

MCC had reached its maximum extent, when the coldest cloud top (< - 52 ''C~) had signif

icantly shrunk, but the outer cloud shield edge {< -32 ''C) was dispersing. Five supercell 

storms or storm clusters were produced with peak values ranging from 60 mm to 200 mm, 

which accounted for most of the total resultant precipitation (8.19 mm) during the life cycle 

of the MCC. The simulation has missed this great event, with some responses to the light 

showers in between them and storm A or B (cf. Figure 4.8). The second system differs from 

the first in the spatial transition of its rainfall pattern. By the time the MCC approached its 

maximum extent (0600 to 0700 UTC 30 June 1993), the rainfall orientation turned or

thogonal (SW-NE) to its previous direction due to the fueling effect from the conveyor belt 

and the heavy rainfall from the extended and traveled, maturing system. The model simu

lation does not correspond to such a spatial transformation, although FC + graupel has 

predicted a large portion of heavy rainfall in Iowa. The third system, the squall line, is the 

case that all experiments show high prediction skills, especially the elongated rainfall 
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structure and orientation. The model simulation of 6-hour rainfall is slightly ahead of ob

servation. and the northern end of the squall line is seriously overestimated. 

(6) The model has demonstrated a substantial ability of producing mesoscale fea

tures such as mesolow, mesohigh, sharp wind shifts associated with fronts, pressure 

troughs associated with the squall line, and downdraft cooling (from FC, KF, and Grell 

schemes, which have moist downdraft parameterization). The Grell scheme benefits from 

the inclusion of a mixed (boundary) layer which enables Grell to produce the most so

phisticated surface weather features. The predicted fields of lifted index (LI) closely 

resemble the simulation of fronts or tightest surface temperature gradient, suggesting that 

the simulation of fronts has a predominant effect in determining the potential for convec

tive precipitation. The FC/KF and Grell schemes generate the precipitation near or behind 

the front. Due to the lack of cloud model or moist updraft/downdraft, Kuo produces rainfall 

in front of the frontal stretch, and two to three extremely heavy convective rainstorms are 

usually triggered near the frontal stretch, indicating that the convection depends exces

sively on the moisture convergence. Other mesoscale phenomena, such as strong 

divergence in the upper troposphere along with the development of the mesoscale convec

tive complex, are also simulated through the experiment. 

(7) The FC/KF schemes, which is based on the available buoyant energy, is sensi

tive to many local thermals, to which Grell and Kuo have no responses in general. The 

prevalence of a low-level jet, is also simulated with similar configurations across all runs, 

with the FC runs slightly more significant. Due to its moisture convergent nature, the Kuo 

scheme generally allows the low-level jet to penetrate far north. The Grell scheme, with no 

cloud/environment mixing parameterization, greatly limits the progress of the low-ievel 

jet. That is the primary reason that FC and Grell have failed to predict storm B in fore

casting the last-hour rain of the I July MCC (cf Figure 4.8). 

(8) The reason that all runs have failed to predict the most critical features as sum
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marized in (5) is because, first of all, the model is not able to simulate effectively the 

variation of mesoscale environmental factors. Second, the simulated vertical motion dra

matically disfavors the occurrence of convection by stabilizing the lower troposphere, 

producing weak lifting or even downward movement. For example, the CIN by FC and 

Grell at two sites 51 and S2 (cf. Figure 4.8) is further increased or the CAPE is further 

decreased, from 0600 to 1100 (JTC 1 July (Tables 4.2, 4.3, and 4.4). The Kuo scheme 

exhibits a considerable potential trend of growing convection at locations SI and S2 (su-

percells F and G, cf. Figure 4.8), but no dynamic support is provided; thus, no convection 

really grew. The final reason, which is plausible, is that the model-simulated atmosphere 

precipitable water has not been appropriately adjusted when an MCS is in effect. Through

out the experiments, the predicted rainfall fields have been in overwhelming agreement 

with the predicted precipitable water distribution. Redistribution of the precipitable water 

fields will have an enormous influence on the initiation of the precipitation process. 

In conclusion, this study has identified the characteristics of 6 VICSs using the en

hanced GOES IR images as the dominant weather conditions during this exceptional high 

rain period. Several cumulus parameterization and explicit moisture schemes were tested, 

and simulation results show large variations in model output. With the rest conditions be

ing the same, the CPSs determine the simulation of heavy precipitation of all kinds, with 

EMSs having slight effect on producing light rainfall at the edge. Among all CPSs. Kuo 

and Grell tend to underpredict major rainfalls, while KF is statistically the best. FC scheme, 

however, is more skillful than any others at predicting extreme rainfalls {> 5 mm/12 hrs 

over domain), although it generally over-predicts them. The areal coverage and orientation 

of rainfall fields are relatively reasonably captured, with a smaller coverage in Kuo and 

bigger areal coverage in FC as compared with observations; but major differences come 

from the spatial structure or the rainfall center distribution and their intensities. Because 
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the rainfall center distribution and spatial coverage is crucial to runoff process, these re

sults will have large impact on hydrologic forecast models. The model has demonstrated a 

substantial skill in reproducing many mesoscale features, such as mesolow. mesohigh, 

front, trough, LU, divergence at 200 mb, convergence at 850 mb. downdraft cooling. The 

inclusion of updraft/downdraft and cloud model in the cumulus schemes help to make 

better simulation. Analysis indicate that the simulation of front has a predominant effect on 

the potential for convective precipitation. The predicted rainfall fields have been in over

whelming agreement with the simulated maxima in precipitable water distribution. Three 

MCSs were examined in great detail because they spent their total life-time in the domain: 

MCC of 30 June, MCC of I July, and squall line of 5/6 July. Key features of MCC of 1 July 

are the characteristic multiple supercell thunderstorms in the last hour (5 hours after ma

ture) and the least movement. Key features of MCC of 30 June are the spatial transition of 

the orientation of the matured system and equal precipitation before and after mature. 

Maximum rainfall happened at mature stage for the squall lines. Model totally failed to 

simulate die MCC of I July because of (a) inaccurate thermodynamic structure, and (b) no 

effective lifting force. Model has difficulty in simulating the re-orientation of system, with 

FC appearing to be better due to the fact that FC is most sensitive to local thermals. Model 

shows great skill in squall line simulation, although the heavy storm centers are often dis

placed to the north. In tmal words, the results indicate that the MM5 system is considerably 

skillful in the environmental steering wind direction (SW-NE), the main route of the south

westerly moisture flux, but that model behavior in the orthogonal direction (NW-SE) is 

gready limited. Analysis in this direction indicates that the model lacks representation of 

the mechanisms responsible for modifying the environmental controls on the evolution of 

long-lived MCSs, particularly after the system reaches its maximum extent. 
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4.5 Discussion 

4.5.1 The Precipitation Physics Errors Versus System Errors 

There are five general error sources in atmospheric models: (1) physical-process 

parameterization, (2) initial conditions, (3) numerical algorithms. (4) surface forcing, and 

(5) lateral boundary conditions (LBCs). It would be ideal to identify the contribution of 

errors from each of the above sources. Unfortunately, we don't have the ability to separate 

the error from one another, although we can experiment with different physical options 

under exactly the same condition. 

This study investigated the predictive simulation of a 9.5-day period precipitation 

event in the summer of 1993. The main purpose of this work is to determine how the dif

ferent cumulus parameterization schemes, in combination with different explicit moisture 

schemes, perform under a variety of anomalous weather conditions. Because there is no 

universal parameterizing method, and because there is no parameter calibration process 

permissible, each scheme which was built under a specific theoretical framework and data 

set will behave differently. It is expected that the documentary of the model simulation 

upon this particular period can provide some guidance for further improvement of each 

scheme. 

It is important to point out that the information obtained from the above study 

should not be attributed to the precipitation physics alone because of the interaction of the 

scheme with other system components. The hydrologic cycle is at the center of cloud pro

cesses, radiation transfer, and land-atmospheric interaction, and great uncertainties exist in 

all these areas. For this reason, the simulation chooses the same background from DCs and 

ICs, model operational settings, rainfall events, to forecast periods, hoping to simplify the 

interpretation of precipitation forecasts. 

The error features in LAMs, as discussed before, determine the feasibility of doing 

a simulation over a relatively long period of time. In LAMs, BCs can be the best help to 
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control error growth in the interior of the domain. The time series of the forecast error from 

each combination of CPS and EMS are shown in Figure 4.23. As expected, the simulation 

error ( defined as the relative error between model simulation and observation of 12-hour 

total precipitation over the domain), does not growth along the time, it fluctuates around 

the zero line. 

Accurate boundary conditions and initial conditions are of critical importance to a 

good simulation of mesoscale precipitating systems. Inaccuracy in boundary and initial 

conditions comes from the systematic errors in the large-scale model which provide the 

background or "first-guess" to the mesoscale model, and from the bias embedded in atmo

spheric sounding measurements which are used to adjust the deviation of the large-scale 

meteorological inputs. There are also systematic errors induced by the interpretation of 

large-scale data into mesoscale grids. 

4.5.2 Sensitivity of Model Results 

No single comprehensive numerical experiment can yield sufficient information to 

fully describe and characterize the MM5 behavior in simulation extreme summertime 

rainfalls. It is neither realistic that one explore all the feasible space of numerical options, 

because of the infinite amount of time and resource involved. The sensitivity of the MM5 

results produced in this study so far, to the arbitrary parameters in the model, is just one 

such issue. Therefore, it is desirable to draw on the previous investigations using 

MM5/MM4. 

In Diidhias [1993] study, identical simulations were run to a 6.67 km resolution 

domain with and without, respectively friction, surface fluxes and latent heating. It was 

found that neither the removal of friction nor surface fluxes had a major impact on the 

front's motion or scales of ascent. The greatest impact upon frontal structure came from the 

removal of latent heating. Condensation and evaporation still allowed but no thermal 
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effects. Latent heating concentrated otherwise broad-scale ascent into a frontal band. The 

frontal motion was significantly reduced without latent heat. 

Wang and Seaman [1997] studied, in Central North America, the sensitivity of 

summer and winter precipitation to four CPSs: Kuo. Betts-Miller. Grell and Kain-Fritsch, 

on 6 MCSs/squall line, I Axctic front with convection, I cold front with cyclone. They 

found that the CPSs perform better in the cold-season events and a large case-to-case vari

ation in warm-season cases. There is a small increase in forecast skill from 36 km to 12 km 

model resolution, which mostly manifests as the gain for the heavier rainfall thresholds. 

Zhang and Fritsch [1986] have addressed the necessity of incorporating the surface 

observation into the initial state, which is implemented in most LAMs. In particular, it 

finds that the resolution of observed moisture field significantly affects the evolution of 

convective weather systems. In weak-gradient summertime situations, MCSs can severely 

alter the nearby environment in short time by producing mesoscaJe circulations, thermal 

boundaries and moist adibatic stratifications; and detailed moisture and temperature fields 

appear to be more important than wind. 

Lanicci et al. [1987] show that the dry soil moisture of northern Mexico are critical 

to the formation of the lid (of the dryline). and the variable soil conditions of the southern 

Great Plains are important for the processes of differential surface heating and generation 

of low-level instability through strong surface evaporation. 

Warner et al. [1989] did a observing-system simulation experiments. They studied 

the effect of horizontal and vertical data resolution, location and measurement error on 

mesoscale-forecast skill (of an East Coast cyclogenesis). The reanalyzed data after 12h 

from the control run were put back to restart the forecasts and compared with the control 

run (12h to 36h). Results show that the error generally decrease with increasing forecast 

time, due to contributing factors such as nonlinear effects, geostrophic adjustment, surface 

forcing, in addition to the identical BCs. This error-reduction effect is especially notewor
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thy because of the expression by many people that model dynamics might mitigate some 

of the effects of IC error, particularly in regard to mesoscale initialization with synoptic-

scale data. 

Reed et cil. [1993] have reported a (MM4) sensitivity test of ocean storm develop

ment to latent heating, surface energy fluxes. Gulf stream positions and grid size. A high 

sensitivity to latent heating and moderate sensitivity to other parameters are found. Further 

diagnosis is made of the behavior of a number of moisture sensitive parameters, namely, 

the potential vorticity, the stability of the storm environment and the surface fluxes. The 

diagnosis revealed a favorable environment in generating and sustaining storms. A further 

experiment employed Kuo schemes in place of Grell (previously used) and finer grid size 

(30 km vs. 85 km ) shows that the effects of grid size and convective scheme are highly 

coupled in this case. 

Zhang and Fritsch [1988] also investigated model physics and moisture schemes in 

the evolution of two MCSs. It is found that convective and resolvable diabatic processes 

play distinct roles. Latent heating resulted in development of strong vertical circulations, 

generation of an upper-level jet streak, formation of pronounced meso-P surface pressure 

perturbation, and rapid amplification of the traveling meso-a wave that helped initiate the 

condensation processes. Resolvable condensations appear to be directly responsible for the 

generation of a warm-core mesovortex and indirectly for a MCC. Moist downdraft had a 

significant impact on the MCSs by producing important surface perturbations such as me-

sohighs and outflow boundaries. Vertically, it stabilized the atmospheric columns and 

removed low-level moisture.Horizontally, it destabilized the environment through the 

formation of T and P gradients. Inclusion of radiative heating at surface improved the 

prediction of convective rainfall. 

Giorgi [1991] studied the sensitivity of summertime (July 1979) rainfall in the 

Western U.S. using MM4. He mainly shows that the summertime rainfall simulation ex-
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hibits higher biases, lower threshold scores, and greater sensitivity to physics parametri-

zation and local moisture sources. 

Table 4.6 Summary of MM5 sensitivity to model parameters or data status 
in some previous investigations. 

Category 

friction, surface fluxes 
and latent heating 

CPSs, summer/winter 
precipitation 

resolution of sounding 
in initial state 

soil moisture 

data resolution/location, 
measurement error 

latent heating, surface 
energy flux, gulf suream 
position and grid size 

model physics and 
moisture scheme 

model physics 
parameterization 

Researcher(s), Year 

Dudhia. 1993; 6.67km 

Wang/Seaman, 1997; 
36/12 km 

Zhans/Fritsch. 1986; 

Lanicci et al., 1987 

Warner etal. 1989 

Reedetal.. 1993 
85/30 km 

Zhana/Fritsch. 1988 

Giorgi, 1991; 60 km 
MM4 

Results and Conclusions 

Major impact upon front structure from removal of 
latent heating, significantly reduced motion 

CPSs perform better in cold-season events; small 
increase m skill from 36 to 12 km resolution 

resolution of observed moisture has major impact on 
MCSs; moisture/T more important than wind 

dry soil of N. Mexico critical to formation of drv line 
lid; soil moisture variability in S. Great Plains is 
crucial for creating low-level instability 

BCs mitisrate some of the IC error 

ocean storm development: high sensitivity to latent 
heating, moderate to other parameters. Kuo/3() km and 
Grell/85 km comparison shows high coupling 

convective and resolvable diabatic processes play 
distinct roles in MCS evolution 

summertime rainfall exhibits higher biases, lower 
threshold scores, and greater sensitivity to physics 
parameterization and local moisture sources 
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4.5.3 Land-Atmosphere Interaction 

In the aforementioned five sources of error in atmospheric models, the surface 

forcing is one that has great uncertainty. The current version of MM5 (used in this study) 

does not have a coupled land surface model. The lack of hydrologic/atmospheric coupling 

may be a important contributing factor to the errors in simulation. For example, among all 

the surface physical propenies, soil wetness is well-known to be crucial for midlatitude 

weather in the summer because of its predominate role in surface processes and hydrolog-

ical cycle. Surface roughness, on the other hand, plays an important role in determining the 

boundary layer and thus influencing the atmospheric dynamics. A sensitivity experiment 

would be needed to discern the contribution from the bi-seasonal landscaper terrain 

category. The model-prescribed terrain types in the operational domain are agriculture 

(type 2) and deciduous forest (type 4) in the summer. The physical properties a.ssigned to 

them, especially soil moisture, must be much less than the real value in the major flooding 

zones. Therefore. 200 grid boxes were fudged by assigning water (landuse categoiy 7) 

along a segment of the Upper Mississippi and Lower Missouri River, where during this 

period of time, the soil was mostly saturated. Such a substitution has demonstrated an 

effect of reducing convection mainly due to a smoothed surface. Pae^le et al. [1996] also 

showed that the surface evaporation is more imponant to dynamically supporting rainfall 

than providing additional moisture. As previously pointed out, the surface evaporation 

from all experiment runs undergoes little variation, suggesting the independence of surface 

vertical flux with regard to rainfall process. A further investigation is needed because it is 

not clear how the dynamic update of surface properties and hydrological cycle would in

teract with each other. 
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CHAPTERS 

SUMMARY AND CONCLUSIONS 

5.1 Conclusions and Contributions 

5.1.1 Major Conclusions 

This work systematically investigated the characteristics of the hydrologic and 

atmospheric processes associated with the 1993 Great Flood, from large-scale to 

mesoscale, from observational diagnoses, large-scale comparison, to mesoscale numerical 

simulations. Major conclusions are provided here; detailed summaries are listed in the next 

three sections. 

Examination of observed data shows a significant variability of different hydro-

logic components. The major contributing factor to the very wet autumn and heavy winter 

snowfall in 1992 was the large-scale moisture flux; the surface evaporation or recycled 

water became more and more important from April to August 1993 except June, with June 

and August being the largest convergent and divergent months, respectively. Correspond

ing to precipitation, the soil water content increased from April, until August, when the 

surface started to dry up. The cloud water flux was an important percentage of the total 

horizontal moisture flux in the summer. The partitioning of the monthly precipitation 

showed the large, increasing proportion of convective rainfall in the 1993 summer; for 

example, convective precipitation accounted for about 60% of total daytime precipitation 

in July 1993. The simulation from ECMWF global models indicated partial improvement 

from TOGA to ERA, in precipitation, latent heat flux, atmospheric precipitable water, and 

daily cycle of surface temperature and humidity. The atmospheric moisture flux in ERA 

data, however, showed a dramatic inconsistency with TOGA and observation from 

October 1992 to March 1993. While the model gave reasonable mean fields, the finer scale 

features were less accurate, and the model did not reproduce the mesoscale convective 
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complexes due to limits on resolution and precipitation parameterization. The model 

produced a distorted surface runoff, partially due to the soil moisture nudging mechanism, 

the soil wetness is fairly dry compared to the result from the Global Soil Wetness Project. 

The simulation of the exceptionally high precipitation by the MM5 mesoscale model 

exhibited much better performance than ECMWF, which means better data for surface 

hydrology and streamflow forecasts. Nevertheless, there are large variations in the results 

among different CPSs (cumulus parameterization schemes) and EMSs (explicit moisture 

schemes), with CPSs being the dominant physics in precipitation simulation. The different 

CPSs and EMSs combinations have shown important impacts on producing the rainfall 

statistics: areal coverage, distribution and intensities of local rainfall maxima, and spatial 

orientation. Kuo and Grell schemes tend to underpredict the domain-averaged precipita

tion, while FC tends to overpredict them. KF is statistically the best; however, FC 

outperformed KF in simulating extremely heavy events. It showed that the inclusion of 

moist updraft/downdraft helped simulate better rainfall structure. Overall, the model 

behaved skillfully in the environmental steering wind direction (SW-NE), but was greatly 

limited in the orthogonal direction (NW-SE), because the model lacks representation of the 

mechanisms responsible for modifying the environmental controls on the evolution of 

long-lived MCSs, particularly after the system reaches its maximum extent. 

5.1.2 Major Contributions and Implications to Hydrologic Science 

This dessertation provides a systemic and in-depth study of the hydrologic and 

atmospheric cycle for the record-breaking floods in 1993 over the United States Midwest. 

Major contributions from this work are derived from the unique multi-scale circulation and 

extreme weather conditions, detailed documentation and investigation of the characteris

tics in hydrologic and atmospheric processes, and the discoveries of critical inadeqency in 

(large and mesoscale) models to represent them. Specifically: 
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(1) Based on analysis of upper air observations, the unique feature of the cloud 

water flux has been identified; the proportional contribution of convection (or large-scale 

stratiform precipitation) has been estimated. These investigations, plus the monthly atmo

spheric and terrestrial water balance, have revealed the cmxes of the hydrometeorology in 

1993 summertime. 

(2) The comparison of the two different ECMWF models (TOGA and Re-analysis) 

with observations provides a scientific insight into our ability to predict the wet episode of 

climate and exceptionally high precipitation. Through intercomparison between models 

and validation against observed data, the study pinpoints various aspects of the model dif

ferences (and merits as well); thus the possible deficit in model, which can be useful in 

operational and research applications. 

(3) Complementary to the ECMWF global model, die MM5 study focused on the 

mesoscale behavior and the extreme MCSs, including MCC and squall line. It is an excit

ing frontier of relevance to meteorology, climatology, and hydrology. This study has 

assessed the ability of ±e state-of-the-art mesoscale numerical weather model to forecast 

the extreme, anomalous warm season rainfall. The results show both success and failure, 

which have been through detailed examination to expose the physical reason for them, and 

thus the line for ftirther improvement. 

There are many significant implications to hydrology: 

(1) The computation of terrestrial water balance from observed data and ECMWF 

global models directly illustrated the space-time patterns of monthly precipitation, evapo

ration, soil moisture content, and runoff — the fundamental elements of surface hydrology 

of the Upper Mississippi and Lower Missouri River basins and their representation in 

large-scale models. 

(2) The discovery of the internal inconsistence of atmospheric moisture flux from 



206 

November 1992 to March 1993 in the ECMWF Re-analysis model should provide a warn

ing for any budgetary study or water balance estimation. Anyone who uses the re-analysis 

as the first-guess to produce the boundary forcing and initial conditions in an LAM should 

also watch out for the results, because of wrongful divergence atmosphere in the data. 

(3) The surface latent flux and precipitation in ECMWF global models have shown 

large variation from observation. This has some implication on a surface model which uses 

the ECMWF model output as the upper air driving force. With the same surface model, the 

differential space-time variability of the forcing data can easily lead to a correct or incor

rect surface hydrology. The "accuracy" and "representativeness" of many such products at 

high resolution are particularly questionable. For example, it is not enough to understand 

the subgrid variability of soil wemess from an off-line experiment, without the knowledge 

of the variability of the grid-scale input. 

(4) It becomes increasingly important for the coupling of a hydrologic forecast 

model to a atmospheric model, to extend the lead time in operational river forecasts. The 

predictability of the weather model, therefore, plays a pivotal role in the forecast of flash 

flood which costs the most damaging flooding in many regions in the U.S. Serious miss-

out of heavy rainstorms like the "last-hour" rain on 1 July over the Midwest can be 

devastating. Identifying the problem and thus improving the accuracy of precipitation pre

diction over the catchment will greatly improve the predictability of the streamflow. 

(5) The analysis of the problems in surface weather parameters, boundary layer, 

and surface runoff in the ECMWF model, and the simulation of MCSs by MM5, also 

manifest the importance of surface hydrology in these models. For example, soil moisture 

is known to be the second most important factor to SST over the continent to affect the 

weather and climate in summertime. The representation of soil moisture in these models, 

however, is largely biased, due to the lack of the ability of large-scale observation. Im

provement of the soil hydrology in these models appears to be a necessary next step. 
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5.2 Summary of Phase I; Observational Study 

An examination of the observed data indicates that atmospheric convergence (net 

vapor transport) was the major contributing factor to the extreme precipitation events, 

particular for heavy snowfall in 1992 winter. The two moisture flow components had dis

tinct effects regarding the production of precipitation: the meridional always had a positive 

effect, while the zonal transport almost always had a negative effect. The atmospheric 

circulation during the 12 months relatively weakened the zonal negative effect by posing a 

strong-arched jet stream in central North America, thus allowing great increment of 

meridional vapor flow, which provided opportunity for mixing of cold/warm air and so the 

formation of anomalous precipitation. Another necessary condition for consecutive heavy 

precipitation is highly related to the fact that the jet stream may not overly displace as to 

retard the southerly flow from the Gulf of Mexico. March and August of 1993 were two 

months corresponding to large-scale atmospheric circulation pattems. 

The components of atmospheric water balance illustrated apparent diumal varia

tions (even precipitation had some daytime and nighttime variation). Atmospheric 

precipitable water generally increased during the day and decreased during the nigh, 

consistent with the diumal change of evaporation. 

Partially with the aid of observed potential evaporation, the daytime and nighttime 

evaporation can be separated. The possibility to estimate the condensed water 

change/transport indicates a major feature of the 1993 summer precipitation. This property 

should be taken into consideration in either an atmospheric water budgetary study or nu

merical weather prediction. 

The total precipitation was determined by the combinational effects of atmospheric 

vapor flow (large-scale moisture convergence), surface evaporation, and condensed water 

change/transport for the exceptional high rainfalls in the summer of 1993. The extent of 

dependence changed through the 12 months: the recycled water became more important in 
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JJA than in SON. Land-air interaction played an important role in the summer precipita

tion: both the largest vapor convergence (June) and divergence (August) occurred in JJA. 

A long-term surface moisture circulation with a cycle of longer than three months existed. 

Under wet conditions (September, November, and December 1993, and January and JJA 

of 1993), the quarter-daily precipitation heterogeneities reflected the variation of the cor

responding land-surface responses. 

5.3 Summary of Phase II: Comparative Study 

This phase described a comparative study of the hydrological cycle and water bud

gets for a period from September 1992 to August 1993 over central North America, 

between ECMWF/TOGA operational analysis/forecast, ECMWF Re-Analysis project, and 

observations. Several aspects of the hydrocycle for both atmospheric and terrestrial water 

balances have been scrutinized, including large-scale atmospheric moisture convergence, 

moisture flow variation, weather parameters such as precipitation, surface temperature and 

humidity, large-scale flow profile, soil moisture, and runoff. 

The monthly atmospheric moisture convergence indicates significant variations 

from month to month and from TOGA to ERA to Obs. All the data show that June (and 

July at 12Z) of 1993 are the largest convergent months, and August of 1993 is the biggest 

divergent month. For 12Z, TOGA shows much larger net inflow than ERA in the wettest 

months (September 1992, and July, August 1993), and smaller net inflow in the rest of 

months except in October and November 1992, and June 1993, during which TOGA is 

nearly equal to ERA. For OOZ, the net inflow in ERA differs dramatically from TOGA 

from October 1992 to March 1993: ERA shows significant divergence, while TOGA and 

observation indicate convergence, due to sharply decreased inflow at the southern bound

ary, and greatly increased outflow along the northern boundary. Decomposition of 

temporal integral of OOZ and 12Z into spatial derivatives shows distinctly different effects 



209 

on the production of precipitation; the net zonal inflow is negative, suggesting moisture 

divergence; while the meridional one is positive, suggesting moisture convergence. The 

positive contributor (meridional net inflow) and negative contributor (zonal net inflow) 

have an exactly opposite phase of variation: they respectively reach the local maximum 

and minimum in November and July, and minimum and maximum in October and March. 

The coexistence of positive (convergence) and negative (divergence) maxima/minima re

flects some intrinsic characteristics of moisture flow in the free atmosphere. In the flooding 

summer months (June, July and August), both the northward and eastward water vapor 

flow amplify enormously. The simulation of ERA shows systematically larger meridional 

flux than TOGA and Obs, especially over the Lower Missouri Eliver basin (southwestern 

portion of smdy area). ERA produces relatively stronger zonal flux too. and more closer to 

Obs, especially along the eastern part of boundary. 

Precipitation forecast matches the observations pretty well and varies synchro

nously with observed data. However, model results also show less variability for the 12 

month period. They underestimate the highly exceptional summer rains including the wet 

autumn (September 1992) and the heavy snowfall (November 1992). and overestimate the 

rest relatively "dry" months. Nevertheless, the precipitation forecast in ERA has shown an 

overall and consistent improvement from TOGA. ERA reduces in average 50% the TOG.A 

overestimation, from about 20 to 25 mm down to about 10 mm. Comparatively, improve

ment on underestimation is not so significant, especially for the warm season rainfall. The 

model results of evaporation illustrate that after November, ERA and TOGA stay closely, 

with ERA being less than TOGA until August. The most striking fact is that evaporation of 

September and October in ERA are much greater than TOGA. The change of evaporation 

form TOGA to ERA can be explained primarily by the new soil hydrology, which main

tains evaporation in the drying season for a longer time and produces less evaporation in 

wet conditions, and the soil dries out less quickly. The overall improvement of precipita
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tion in ERA should be partially attributed as the resultant effects of evaporation, but the 

relationship between precipitation and evaporation is more complicated, particularly for 

the warm season rainfall. Evaporation does not affect precipitation by simply providing 

direct quantitative contribution, but rather through some dynamic feedback mechanism. 

For example, evaporation in September and October have all increased greatly from 

TOGA to ERA, but precipitation amount stays the same in September, and even decreases 

in October. In November, ERA and TOGA have the same amount of evaporation, but the 

precipitation in ERA has increased. Spatially, ERA precipitation differs greatly from 

observation in terms of distribution, intensity, and peak values. In general, ERA produces 

a smoother rainfall distribution with fewer and less-intensive maximum centers, not only 

for the warm season, but also in the remaining months. The same is true for TOGA. This is 

because the ECMWF global models do not reproduce mesoscale convective systems very 

well. The timing and spatial distribution of precipitation are unlikely to be significantly 

improved unless the model resolution is refined and, even more crucially, the precipitation 

parameterization scheme is essentially improved. 

Examination of atmospheric precipitable water shows that, like observation, the 

ERA and TOGA generally illustrate pronounced day/night variation in the warm months 

mainly corresponding to the evaporation diurnal cycle. In consistency with the summer 

extreme rainfalls, the amplitude of variation increases greatly from spring to summer. It is 

apparent that the precipitable water has a rather chaotic variation period in the first six 

months (September to February). 

It shows that large-scale average horizontal wind profiles from ERA and TOGA are 

almost identical in zonal direction, and that ERA is relatively larger than TOGA in the 

meridional direction. In comparison with observation, the models produce slightly stronger 

jet stream in June and July, and stronger meridional wind. The mean vapor density profiles 

also match with each other very well among ERA, TOGA, and observations, with model 
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results being slightly larger. The largest differences of mean zonal wind take place at 

around 200 mb level, which is also the height of maximum wind speed. The largest dif

ferences of mean vapor density occur around 900 mb. Basically, the large-scale fields of 

motion and vapor distribution are very good in the models. Therefore, differences of me

ridional and zonal net moisture intlow among TOGA. ERA, and Obs result from the 

discrepancies of the mean fields, and most importantly, the less accurate fine-scale distri

bution. both temporal and spatial. 

Surface 2 m temperature in ERA exhibits persistent cold bias at night (06Z") and in 

the morning (12Z") starting from September. The magnitude of cold bias rapidly increases 

and decreases as the seasonal temperature gets colder and warmer, respectively. From May 

to August, the nighttime cold bias in TOGA improved in ERA by about 1°C to l.S'^C. The 

temperature trend from 06Z to 12Z in ERA is. however, inconsistent to observations 

which have higher temperatures in the morning by about 0.4"C to 0.7°C. Although the 

daytime warm bias in TOGA (OOZ) is noticeably reduced by about I'^C to 1.5"C in ERA 

from September to November and in March, ERA shows a larger warm bias in the wet. 

warm months in 1993 (April to August) by 1°C to l.S'^C. Comparing ERA with TOGA, 

ERA shows colder surface temperature in the 1992 fall and winter (September to March) 

and warmer surface temperature in the wet, warm months in 1993 (April to August). An 

overall improvement of the humidity in ERA can be observed except in the winter months. 

The ERA daytime (OOZ and 18Z) values fit observations very well, which removes the 

persistent drying tendency in TOGA (judged by OOZ data). In the morning (12Z). the dif

ference between ERA and TOGA is not large, especially after November, both being 

10-15% overestimate than observations. In winter, ERA displays a too humid, but most 

realistic humidity cycle, while TOGA exhibits a more realistic value. The revised surface 

scheme in ERA works better in warm months than in the winter lime. 

The upper layers of ERA soil are sensitive to daily precipitation. The top layers at 
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the five representative sites have never been saturated for the 12-month period. In fact, the 

top layers reach their maximum soil wetness before flooding season, with values ranging 

from 0.39 to 0.4 m^/m^ (saturation 0.47 mVm^). Therefore, the model exposes a relatively 

dry soil. The monthly variations of soil water content are similar for the Upper Mississippi 

River basin and Lower Missouri river basin. A 6 and 8 mm soil water content increase in 

November is observed over the Missouri and Mississippi River basins, respectively, 

corresponding to the heavy precipitation. In winter, both of the two watersheds tend to 

remain at the same values of water content with slight (<1.30 mm) drying or wetting. 

Snowmelt in March results in increment of soil moisture (about 3.4 mm in both water

sheds) which quickly dries out in April due to warmer temperature and normal 

precipitation. 

Excessively more and less amounts of runoff exist in ERA in comparison with 

observations. ERA has exaggeratedly more winter runoff (particularly in November) for 

both watersheds. Underestimated E and AS are the primary factors in the model which 

contribute to the overestimated runoff. Unrealistically less runoff in August is observed for 

both watersheds, because the ECMWF model does not have the hydrological component 

dealing with flood recess. Temporally, ERA reproduces the two peaks of runoff in 1992 

winter and 1993 summer, but it does not reproduce the late spring and early summer flood

ing (April and May) which is more likely to be reproduced in TOGA. 

5.4 Summary of Phase III: Simulation Study 

The United States Midwest experienced a historical episode of rainfall and flooding 

in the summer of 1993. For the study period from 28 June to 7 July, successive exception

ally high-convective storms took place due to the passage of a series of mesoscale 

convective systems in association with extratropical cyclones. The MM5 simulation with 

cumulus schemes Fritsch-Chappell (PC), Anthes-Kuo (Kuo), Kain-Fritsch (KF), and Grell 
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demonstrated great variations from one to another. The Greil and Kuo schemes tend to 

underpredict the 12-hom- total rainfall, while FC overpredicts the total rainfall most of the 

time. The KF simulation is statistically the closest to observation. The scheme (more ac

curately, the model with the scheme) performs differently towards different ranks of 

rainfall. The Grell scheme works best in predicting rainfall < 4 mm/hrs. Kuo performs 

better in predicting rainfall < 4.5 mm/12 hrs, where it has the most marginal benefits based 

on the rainfall ratio criteria. The KF cumulus scheme plus the graupel moisture scheme 

behave constantly towards rainfall thresholds < 6 mm, while KF + simple ice tends to 

underpredict. As far as excessively heavy precipitation is concemed, the FC scheme han

dles the situation better than any other schemes. Although overpredicting, the FC scheme 

works best in predicting the total rainfall > 5 mm/12 hrs. 

The cumulus scheme determines the structure and orientation of the 12-hour 

accumulated rainfall fields. The model generally produces reasonable overall structure and 

orientation of rainfall fields; however, significant differences in infrastrucmre and/or shift 

of orientation are common for all experiments when compared with observation. There are 

usually one or two heavy convective rainfall centers and two to four local highs from each 

predicted 12-hour rainfall tendency field. The magnitudes of local highs and the rainfall 

coverage by FC are often greater than those by Grell and Kuo. One distinct feature of the 

rainfall field by FC is the constantly overpredicted 1 mm to 10 mm rainfall in every period, 

which can be identified along the edge of contours. The maximum rainfall centers in each 

12-hour period are hardly captured by any experiment, due to either great displacement or 

largely reduced peak values. Meanwhile, the model frequently overpredicts many light 

showers or scattered rains. 

As it stands, the explicit moisture scheme is responsible for the resolved precipita

tion at each model grid. The effects of the simple ice moisture scheme (simple ice) and 

Goddard microphysics (graupel) are related primarily to the generation or the magnitude of 



214 

intense convective rainfalls. Therefore, it is crucial to use appropriate moisture schemes in 

different circumstances to meet the specific purpose. The change of moisture scheme has 

shown a very limited influence on building the outline structure of rainfall fields. In the FC 

experiments, the graupel scheme helps to create or increase the magnitude of rainfall max

ima and local highs, along with some adjustments of some maxima and local highs in the 

vicinity. The same happens in the Kuo case, but with a lesser degree than FC. In contrast, 

the impact of the explicit moisture scheme change depends on the specific rainfall events. 

For example, the graupel scheme helps reduce the magnitude of maximum rainfall centers 

or local highs in periods from 1200 UTC 29 to 1200 UTC 30 June, and 0000 UTC to 1200 

UTC 1 July, and to increase them in periods 1200 UTC 30 June to 0000 UTC I July, and 

0000 UTC 6 July to 0000 UTC 7 July. The adjustment and redistribution of secondary 

maxima and spurious highs are more significant than in FC and Kuo. 

Three mesoscale convective systems are examined in great detail: the iMCC of 1 

July, the MCC of 30 June, and the squall line of 6/7 July. They spent their lifetime with the 

coverage of the model operational domain (inner domain). The most distinct characteristic 

of the first system is the extraordinary multiple supercell precipitation from 1100 to 1200 

UTC 1 July 1993. This last-hour torrential rain was taking place five hours after the MCC 

had reached its maximum extent, when the coldest cloud top (< - 52 °C) had significantly 

shrunk, but the outer cloud shield edge (< -32 °C) was dispersing. Five supercell storms or 

storm clusters were produced with peak values ranging from 60 mm to 200 mm. which 

accounted for most of the total resultant precipitation (8.19 mm) during the life cycle of the 

MCC. The simulation has missed this great event, with some responses to the light 

showers. The second system differs from the first in the spatial transition of its rainfall 

pattern. By the time the MCC approached its maximum extent (0600 to 0700 UTC 30 June 

1993), the rainfall orientation tumed orthogonal (SW-NE) to its previous direction due to 

the fueling effect from the conveyor belt and the heavy rainfall from the extended and 
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traveled, maturing system. The model simulation does not correspond to such a spatial 

transformation, although FC + graupel has predicted a large ponion of heavy rainfall in 

Iowa. The third system, the squall line, is the case that all experiments show high predic

tion skills, especially the elongated rainfall structure and orientation. The model simulation 

of 6-hour rainfall is slightly ahead of observation, and the nonhem end of the squall line is 

seriously overestimated. 

The model has demonstrated a substantial ability to produce mesoscale features 

such as mesolow, mesohigh, sharp wind shifts associated with fronts, pressure troughs 

associated with the squall line, and downdraft cooUng (from FC. KF. and Grell schemes, 

which have moist downdraft parameterization). The Grell scheme benefits from the inclu

sion of a mixed (boundary) layer which enables Grell to produce the most sophisticated 

surface weather features. The predicted fields of lifted index (LD closely resemble the 

simulation of fronts or tightest surface temperature gradient, suggesting that the simulation 

of fronts has a predominate effect in determining the potential for convective precipitation. 

The FC/KF and Grell schemes generate the precipitation near or behind the front. Due to 

the lack of cloud model or moist updraft/downdraft, Kuo produces rainfall in front of the 

frontal stretch, and two to three extremely heavy convective rainstorms are usually 

triggered near the frontal stretch, indicating that the convection depends excessively on the 

moisture convergence. Other mesoscale phenomena, such as strong divergence in the 

upper troposphere along with the development of the mesoscale convective complex, also 

are simulated through the experiment. 

The FC/KF schemes, which are based on the available buoyant energy, are very 

sensitive to many local thermals, to which Grell and Kuo have no responses in general. The 

prevalence of a low-level jet is also simulated with similar configurations across all runs, 

with the FC runs slightly more significant. Due to its moisture convergent nature, the Kuo 

scheme generally allows the low-level jet to penetrate far north. The Grell scheme, with no 
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cloud/environment mixing parameterization, greatly limits the progress of the low-level 

jet. That is the primary reason that FC and Grell have failed to predict storm B in fore

casting the last-hour rain of the 1 July MCC. 

The reason that all runs have failed to predict the most critical features is because, 

first of all, the model is not able to simulate effectively the variation of mesoscale envi

ronmental factors. Second, the simulated vertical motion dramatically disfavors the 

occurrence of convection by stabilizing the lower troposphere, producing weak lifting or 

even downward movement. The final reason, which is plausible, is that the model-

simulated atmosphere precipitable water has not been appropriately adjusted when an 

MCS is in effect. Throughout the experiments, the predicted rainfall fields have been in 

overwhelming agreement with the predicted precipitable water distribution. Redistribution 

of the precipitable water fields wiU have an enormous influence on the initiation of the 

precipitation process. 

5.5 Fumre Directions 

Except for traditional, operational hydrology and the hydrology in related water 

resource issues, it is difficult to separate clearly hydrology from other atmospheric sciences 

in many of today's large-scale projects, such as GCIP. The most exciting frontier of 

hydrology is expanding into the full cycle of the grand hydrologic circulation. This work is 

my attempt to couple the hydrologic and meteorologic approach in the investigation of a 

problem that both hydrology and meteorology claim to be their typical issue. However, due 

to the nature of the dissertation, I needed to tailor the canvas for the picture to make sure I 

can finish the painting job within a certain time and source. It has not been a great one. but 

I am comfortable with it. There are many issues that have not been adequately tackled, 

which are very relevant to the topic, for example, the surface runoff. Although issues like 

flooding situation, river discharge, streamflow forecast, levee engineering, as well as the 
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social-economic sector information have been studied and documented by many research

ers [Kunkel, 1994, Kunkel and Wendland, 1995: Lott. 1993; NOAA, 1994; Walker et al.. 

1994], they are almost completely avoided in this document. A thorough analysis of the 

surface runoff processes over the vast Midwest during the Great Flood would be a very 

good future direction following this study. Possible science issues along this line may 

include the intercomparison of the hydrologic forecast models, evaluation and validation 

the storm-interstorm concept under extremely wet conditions, and development of effec

tive continental-scale river routing model. 

The comparison of ECMWF models (TOGA/ERA) does not include many other 

variables such as radiation, clouds, momentum, soil temperature, vertical velocity et cetera. 

Neither does this follow the formal verification procedure that is required in verification of 

weather parameters. This is partially because of the limitation of data available. Therefore, 

one future work could be a detailed comparison at watershed or even catchment scale, 

where a comparison of multiple frequency of variability at a point, and a catchment can be 

carried out. 

There are much more can be done in the future with regard to the mesoscale 

simulation. Sensitivity of model results to the arbitrary model parameters, for example, can 

be a big issue that needs further investigation. That includes different mesoscale models, 

different resolutions, different domain settings, or different forcing data selection, to men

tion very few of them. A very interesting sensitivity study following up this work, is to use 

the newly available NCAR MM5 Adjoint model to the same events. The adjoint of MM5 

is a powerful and advanced tool to investigate sensitivity issues. To generally answer the 

question of sensitivity using the traditional method, an ensemble of perturbation will be 

needed, which involves tremendous amount of work and a fairly long dedicated time 

(theoretically, infinite amount of time would be needed because the feasible space is 

actually a dimension of infinity). Working with the adjoint model, this problem can be 



solved efficiendy and directly. 
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