Table of Contents

Preface . . . . . . . . . . . . . . . . . . . . . . vii Acknowledgments . . . . . . . . . . . . . . . . . ix Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . 1 Chapter 2 Governing equations and numerical algorithms . . 1 2.1 The hydrostatic equations . . . . . . . . . . . . . . . 1 2.2 The nonhydrostatic equations . . . . . . . . . . . . . 3 2.2.1 Complete Coriolis force option . . . . . . . . . . . . . 5 2.3 Nonhydrostatic finite difference algorithms . . . . . . . 6 2.4 hydrostatic finite difference algorithms . . . . . . . . . 10 2.5 Time splitting . . . . . . . . . . . . . . . . . . . . 11 2.5.1 The nonhydrostatic semi-implicit scheme . . . . . . . . 11 2.5.2 The hydrostatic split-explicit scheme . . . . . . . . . . 13 2.6 Lateral boundary conditions . . . . . . . . . . . . . . 16 2.6.1 Sponge boundary conditions . . . . . . . . . . . . . . 16 2.6.2 Nudging boundary conditions . . . . . . . . . . . . . 16 2.6.3 Moisture variables . . . . . . . . . . . . . . . . . . 17 2.7 Upper radiative boundary condition . . . . . . . . . . 17 Chapter 3 The mesh-refinement scheme . . . . . . . . . . . . 19 3.1 The monotone interpolation routines . . . . . . . . . . 19 3.2 Overlapping and moving grids . . . . . . . . . . . . . 23

3.3 The feedback . . . . . . . . . . . . . . . . . . . . 23 3.3.1 A nine-point averager . . . . . . . . . . . . . . . . 24 3.3.2 A smoother-desmoother . . . . . . . . . . . . . . . . 24

Chapter 4 Four-dimensional data assimilation . . . . . . . . . 25

4.1 Analysis nudging . . . . . . . . . . . . . . . . . . . 26

4.2 Observational nudging . . . . . . . . . . . . . . . . 32

Chapter 5 Physical parameterizations . . . . . . . . . . . . . 37

5.1 Horizontal diffusion . . . . . . . . . . . . . . . . . . 37

5.2 Dry convective adjustment . . . . . . . . . . . . . . 37

5.3 Precipitation physics . . . . . . . . . . . . . . . . . 38 5.3.1 Resolvable scale precipitation processes . . . . . . . . . 39 5.3.1.1 Explicit treatment of cloudwater, rainwater, snow, and ice . 39 5.3.1.2 Mixed-phase ice scheme . . . . . . . . . . . . . . . . 45 5.3.2 Implicit cumulus parameterization schemes . . . . . . . 46 5.3.2.1 The Kuo scheme . . . . . . . . . . . . . . . . . . . 46 5.3.2.2 A modified Arakawa-Schubert scheme . . . . . . . . . . 50 5.3.2.3 The Grell scheme . . . . . . . . . . . . . . . . . . . 64 5.3.3 Parameterization of shallow convection . . . . . . . . . 70

5.4 Planetary boundary layer parameterizations . . . . . . . 73 5.4.1 Surface-energy equation . . . . . . . . . . . . . . . . 73 5.4.1.1 Net Radiative flux R_n . . . . . . . . . . . . . . . . . 74 5.4.1.2 Heat Flow into the Substrate H_m . . . . . . . . . . . . 78 5.4.1.3 Sensible-Heat Flux H_s and Surface Moisture Flux E_s . . . 78 5.4.2 Bulk-aerodynamic parameterization . . . . . . . . . . 78 5.4.3 Blackadar high-resolution model . . . . . . . . . . . . 80 5.4.4 Vertical diffusion . . . . . . . . . . . . . . . . . . . 84 5.4.5 Moist vertical diffusion . . . . . . . . . . . . . . . . 86

5.5 Atmospheric radiation parameterization . . . . . . . . . 87 5.5.1 Longwave radiation . . . . . . . . . . . . . . . . . . 87 5.5.2 Shortwave radiative scheme . . . . . . . . . . . . . . 90 Appendix 1 Glossary of symbols . . . . . . . . . . . . . . . . 92 Appendix 2 Look-up table for transmissivity . . . . . . . . . . 111 Appendix 3 Map Projections . . . . . . . . . . . . . . . . . . 112 Appendix 4 Land-Use categories . . . . . . . . . . . . . . . . 116 References . . . . . . . . . . . . . . . . . . . . . 117

PREFACE

This technical report describes the fifth generation Penn State/NCAR Mesoscale Model Version 1, or MM5V1. It is intended to provide scientific and technical documentation of the model for users. Source code documentation is available as a separate Technical Note (NCAR/TN-392) by Haagenson et al. (1994). Comments and suggestions for improvements or corrections, are welcome and should be sent to the authors.

(Last revision: June 1996)

ACKNOWLEDGMENTS

A large number of scientists, students, and sponsors, too numerous to mention, have made significant contributions towards developing and improving this model. We would like to thank everyone who directly implemented changes and corrections into the code, as well as everyone who helped to identify errors and problems.

We would also like to extend our gratitude to the two reviewers (Prof. Tom Warner, and Dr. Jian-Wen Bao), whose comments improved the manuscript significantly.

Computing for this model development was undertaken on the CRAY YMP at NCAR, which is supported by the National Science Foundation.

The writing of this technical document was in part supported by the Department of Energy through grant DEA105-90ER61070, and the California Air Resources Board through subcontract AG/990-TS05-S02 from Alpine Geophysics.

ix