CHAPTER 3

NUMERICAL WEATHER PREDICTIONS

OBJECTIVE

Given appropriate weather data, determine the accuracy of military Numerical Weather Prediction (NWP) model initialization and subsequent forecasts during the preparation of operational forecasts.

INTRODUCTION


Thus far, you have reviewed analysis and forecasting techniques useful for determining an accurate forecast for a specific operational area. The Navy also uses a wide variety of computer models to forecast the development and motion of surface and upper air features. As a forecaster, it is important to know which models work well for the area of interest. During this chapter, we will look at some of the current forecast models available, both within and outside the military, and a sample of documented tendencies.

INFORMATION

NUMERICAL MODELING


Numerical weather prediction (NWP) models predict the future state of the atmosphere using complex computer programs. The programs solve a set of mathematically complex dynamic equations and equations of state. Typical forecast parameters include air temperature, north to south wind component, east to west wind component, vertical wind component, air density, pressure, and water vapor.


There are 3 basic steps involved in the generation of a numerical weather prediction:



a) Data Collection.
Many forms of observational data, having a multitude of different times of observation, are collected from around the globe. Observational data includes synoptic observations from land and sea, radiosondes, satellites (SSM/I, scatterometer, etc), aircraft reports, buoy data, and many more. Table 1 gives an indication of the type and number of observations received at the US Navy’s premier meteorology modeling center, Fleet Numerical Meteorology and Oceanography Center (FNMOC), Monterey, in any 24hr period. Note the extremely high volume of remotely sensed data. Therefore, it is of little surprise that the NWP models are heavily reliant upon satellite data in data sparse regions, such as, over the ocean. Forecasters must use caution when using NWP model output to forecast for an area that is heavily dependent on satellite data; use of the ‘Data Coverage’ images via FNMOC’s website can provide an indication of how well the model initialized.

Observation Type
Typical 24hr Volume

Radiosonde Observations
1,100

Air Reports
28,000

PIBAL
1,500

ACARS
40,000

AMDAR
4,000

METAR
88,000

Land Observations
52,000

Ship Observations
8,000

Buoy Reports
7,300

Wave Observations
1,500

Satellite: SST
190,000

Satellite: Soundings
380,000

Satellite: Scalar Winds and Water Vapor
5,000,000

Satellite: Cloud Drift Wind
110,000

Satellite: Scatterometer Vector Winds
150,000

TOTAL
~6,000,000

Table 1. Typical observation types and 24hr volume received at FNMOC, Monterey.



b) Analysis.
Based upon the observational data at/near a particular valid time (typically 00Z/12Z), an analysis of the atmosphere from the surface, or near surface, to the top of the model domain, approximately 10mb, is prepared. Forecasters should be aware that not all data arrives at exactly the time prescribed as the analysis time; for example, the 00Z analysis may be constructed from observational data that has arrived ±3hrs from the valid time. This is necessary to ensure that a sufficient amount of valid data is ingested into the model for analysis; otherwise, the analysis could be highly erroneous. The analysis is used as the initial condition for the model forecast. For this reason, forecaster assessment of the validity and accuracy of the analysis (the model initialization) is a very important component of forecast preparation if NWP products are to be utilized.



c) Forecast.
Utilizing the initial field (the analysis), the NWP model solves the complex equations of motion and state, consecutively, in short time steps until the desired forecast period is reached. From the forecast data fields, the prognostic charts of meteorological interest are generated and broadcast to the user via a number of means including, METCAST, NODDS, AUTODIN, and .gif or .jpeg images on internet web sites.

Understanding NWP


It bodes today’s forecaster to understand a number of features of any NWP model before its output can be used with any confidence. Such features for consideration are:



a) Model Initialization.
Although covered previously, there are further points for consideration with regards to model initialization. Techniques employed for model initialization vary from one model to the next. Some typical questions a forecaster should consider are: 


‘What data is used?’ – for example, satellite data provides far greater and higher resolution coverage than conventional observational data, particularly over the ocean.



‘For the model run of interest, what observational data coverage does the model have?’ – in data sparse regions, the model initialization may not be good; there may be limited satellite information as there was no valid satellite pass. At FNMOC, images showing data coverage for model ingestion are available via the website.


 ‘Is a first-guess field used?’ – some models use a short term forecast (T+6 or T+12) from the previous model run to act as a first-guess field prior to ingestion of observational data. This allows for greater model consistency/accuracy in data sparse regions. It also allows the model to be initialized with meteorological features at the same resolution as the model itself, which is not necessarily available from purely observational data.



b) Model Physics.
Forecasters should have a basic understanding of the physics used by the NWP model used. For example, the resolution of the model may not give accurate output if the model physics uses the hydrostatic assumption; below 10km resolution vertical motion is such that the hydrostatic assumption becomes less valid. Some models calculate cloud and precipitation by implying presence from other parameters, whereas others calculate these sensible weather parameters explicitly. If the model is a regional model or Limited Area Model (LAM), there may be problems in forecast accuracy induced by the existence of lateral boundaries. The forecaster needs to know how these may affect the forecast output and how such errors are minimized. The implications of horizontal and vertical resolution must be understood. For example an 80km horizontal resolution model is not capable of accurately forecasting small scale features such as individual thunderstorms or sea breezes. Higher resolution models are capable of depicting many mesoscale features provided the model allows for a high-resolution topography. If the topography is not dealt with accurately then model output will be suspect; accurate characterization of valleys, gaps, mountain ranges and coastal topography is very important in order to accurately forecast the air flow in such areas. However, forecasters should be fully aware that the digital terrain contained within a model is not identical to the real terrain.



c) Model Tendencies.
NWP model results are idealistic solutions to the chaos that is weather. Blind belief of model output is not advised and is potentially dangerous. All models have tendencies, or biases, that are a consequence of many features, such as physics, terrain, resolution, observational data type and ingestion, and planetary and synoptic situation. Before model output products can be used with confidence, the forecaster must have a complete knowledge and understanding of the model tendencies. This comes with forecaster experience and from publicized tendencies, for example, the documented model tendencies on FNMOC’s website. 



d) Model Generalities.
Although forecasters must have full knowledge of model specific tendencies, there are some tendencies that are applicable to all NWP models. Forecast accuracy decreases as forecast time increases. Some levels are more accurate than others. For example, synoptic scale models such as NOGAPS are most accurate in the region from approximately 850-500mb. Mesoscale models are more accurate at lower levels and most inaccurate at high levels where they are dominated by the synoptic and planetary scale features depicted by the parent model, especially later in the forecast period. The resolution of a model decides where its greatest accuracy lies. Consider a model with a horizontal resolution of x. It can characterize, with reasonable accuracy, features that have a dimension of 4x or larger. NOGAPS has a resolution of ~81km; therefore, features that are 324km or larger in dimension are accurately characterized, implying that small scale features, such as gap flow winds, are unlikely to be accurately forecast, hence the need for models like COAMPS. 

COMMON NUMERICAL MODELS

Navy Models


Navy Operational Global Analysis and Prediction System (NOGAPS) 4.0

NOGAPS is the Navy’s global atmospheric model and is the mainstay model of FNMOC. The output is used to provide forecasts to T+144, drive other models, such as, Ensemble forecasts (EFS), wave models (GWAM), ocean models (TOPS), and to provide boundary conditions for regional models (COAMPS).


The basic equations are based on the primitive equations and the hydrostatic assumption applied for global coverage at a horizontal resolution of ~81km with a vertical resolution of 24 levels from the surface to 1mb. Forecasts are available to T+144hrs from standard 00Z and 12Z model runs applying ± 3hr observational data cut-off for the analysis. Additionally, there are off-time model runs to support a 6hr first-guess field for model initialization. Topography is allowed for from a truncated 10 minute resolution field. NOGAPS is supported by the Ocean Thermal Interpolation System (OTIS) for sea surface temperature and ice coverage.


Documented model tendencies include:

a)
Surface lows:
Developing oceanic lows: central pressures tend to be under-forecast (not deep enough) and slow to deepen. Mature, filling oceanic lows: central pressures tend to be over-forecast (too deep) and slow to fill. Associated with these tendencies, surface wind speeds tend to be under-forecast/over-forecast, respectively.

With meridional upper-level flow: deepening oceanic lows are usually behind the analysis track (slow to move), especially at the extended forecast period. Filling oceanic lows are typically biased to the left of the analysis track (toward the upper level cold air).

With strong zonal upper-level flow or broad flow: deepening oceanic lows are ahead of the analysis track (fast to move), especially at the extended forecast period. Mature oceanic lows are usually to the left of the analysis track. 

Complex lows tend to be merged into a single, usually deeper, low-pressure system, especially at the extended forecast period. Surface lows associated with the formation of upper-level cut-off lows in the cool season are usually over-forecast (too deep), especially at the extended forecast period. Mature cut-off lows are slow to fill after bottoming-out

b)
Tropical cyclones:

During tropical cyclone genesis: NOGAPS tends to generate spurious tropical cyclones in the extended forecast periods (T+72 and beyond).

During the tropical cyclone phase: Due to the resolution of the NOGAPS global model, sizes of tropical cyclones in the NOGAPS analyses and forecasts are almost always too large in area of extent. This may result in false interaction with nearby tropical cyclones. In the deepening stage, forecast tropical cyclone directional bias is behind the analysis track and slow to move. After reaching maximum intensity, mature tropical cyclones continue move too slowly. 

During the transition and extra-tropical phase: For tropical cyclones undergoing transition to extra-tropical, the forecast surface low is usually over-forecast (deep), slow to fill, and slow to move. In the re-deepening extra-tropical phase, former tropical cyclones are under-forecast (weak) and slow to move. Directional bias is usually behind and to the left of the analysis track (slow to move and toward the upper level cold air), especially in zonal flow. After filling begins, extra-tropical cyclones are over-forecast (too deep) and slow to fill with directional bias slightly ahead of the analysis track (fast to move).

c)
Surface highs:
Western and mid-ocean high cells tend to be slightly too strong by 48 hours.

Forecast central pressure of the offshore Eastern Pacific high cell is too strong. 

d)
Upper-level:
Upper level short-wave troughs in strong zonal and broad meridional flow are slightly weak; the associated developing surface low tends to be slow to deepen and too weak.

Upper level lows north of the polar jet tend to be too deep, while upper level highs south of the polar jet are slightly strong.

The formation of upper level cut-off lows associated with a digging trough continues to be well forecast in the transition seasons. However, the associated surface low is slightly over-forecast (too deep) throughout. 

Wind speed forecast variability is greatest in the 300-250mb jetstream region of the upper troposphere.


(These tendencies are a cross-section of those available from FNMOC’s website.)


Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS) 2.0
COAMPS is the Navy’s replacement for NORAPS for regional NWP. It applies the latest theories and techniques in providing a robust, high-resolution numerical weather prediction. It has generated much interest due to its remarkably accurate forecasts. COAMPS is used to support regional wave forecast models (RWAM) and is supported for lateral boundary conditions by NOGAPS 4.0 (known as the parent model). It should be noted that there is little said about coupling between the ocean and the atmosphere; at present, work on coupling the ocean component(s) is in progress.

COAMPS applies non-hydrostatic, compressible equations; in basic terms, this means there are no large assumptions made in application of the equations of motion and equation of state. The fact that the model is non-hydrostatic is important for model resolutions less than approximately 10km where vertical motions such as, strong convection or topographic flow, become important and, therefore, negates the applicability of the hydrostatic assumption. COAMPS is a nested regional model, the parent model (NOGAPS) is at 81km resolution; therefore, the first nest of COAMPS is 81km resolution, nest 2 is 27km and nest 3 is 9km resolution – the nests must be in the ratio of 3:1. The vertical resolution is from the surface to 10mb in 30 levels, applying the sigma-z vertical co-ordinate system. This allows for better modeling of flow over a irregular surfaces as the model levels follow the topography at low levels. The topography is from the 1km terrain database developed from the National Imagery and Mapping Agency (NIMA) Digital Terrain Elevation Database (DTED) level 1 data set. Clouds are forecast directly rather than diagnostically from other parameters, such as, water vapor or relative humidity. The model applies high order turbulent kinetic energy equations, allowing for accurate treatment of the boundary layer. For real-data simulations, COAMPS uses a complete mesoscale atmospheric data assimilation system consisting of data quality control, analysis, initialization and forecast model components. The present location of COAMPS nests run at FNMOC are; the Mediterranean (00Z/12Z runs to T+72, 6hr first-guess field), SW Asia (00Z/12Z runs to T+48, 12hr first-guess field), Korea (06Z/18Z runs to T+48, 6hr first-guess field), East Pacific (00Z/12Z runs to T+48, 12hr first-guess field), Central America (00Z/12Z runs to T+48, 12hr first-guess field), and West Atlantic (00Z/12Z runs to T+48, 6hr first-guess field). The model can deal with a large number of differing grid projections, which allows COAMPS to be re-locatable anywhere in the world and gives the user flexibility to orient the nests as required.


Documented model tendencies are principally region specific, the details of which are given on FNMOC’s website. However, some tendencies are common to all areas, as given below:


a)
As NOGAPS is the driving force for the lateral boundary conditions in COAMPS, forecasters are well advised to fully understand the NOGAPS tendencies and to verify the initialization and forecast consistency to T+48 in NOGAPS prior to using COAMPS.


b)
Users should use caution when analyzing/briefing from COAMPS surface-pressure charts. COAMPS has some difficulty in reducing surface pressure to sea level over high or steep terrain. This has the effect of inducing a pressure pattern that is not in geostrophic balance when compared with the wind field. The most striking example is over mountain ranges where the analyzed pressure pattern shows an area of higher pressure; this is erroneous and due solely to the terrain/height effect.

c)
Over expansive open water with wind speeds in excess of 30-35kts, COAMPS can be 3-8kts too light. However, in near-shore regions where the wind field is strongly influenced by the topography and expected to be greater than 25-30kt, COAMPS tends to over-forecast by 3-8kts.

d)
COAMPS has a tendency to over extend the inland extent of sea breezes. COAMPS is likely to under forecast the strength of a sea breeze.

e)
In narrow straits, the COAMPS 27km grid under-forecasts the influence of the funnel effect on wind strength by 5-15kts. This is a function of horizontal resolution, as described previously.


Ensemble Forecast System (EFS)
Ensemble forecasting is an innovative methodology used to attempt to improve upon the unpredictable nature of medium and long-range weather forecasts. At FNMOC, ensemble-forecasting techniques are applied using 10 initial NOGAPS fields and running the model out to 10 days. This, at best, improves forecast reliability and, at worst, provides guidance on forecast reliability. The basics of the ensemble method are to run NOGAPS with slightly different initial conditions to provide a range of possible future states of the atmosphere. The ensemble mean is calculated along with probability fields for such meteorological events as precipitation and gale force winds. It is believed this approach extends the usefulness of NOGAPS medium range forecasts by 12-24hrs.


Global Wave Model and Regional Wave Model (GWAM and RWAM)
WAM is based on the spectral energy balance equation, which equates the evolution of the wave spectrum to the sum of the local wind input, wave dissipation, nonlinear wave-wave interaction and the propagation of waves from non-local sources (swell). GWAM is driven by NOGAPS derived surface wind stress fields and is at 81km resolution. RWAM is driven by the COAMPS derived surface wind and is at 27km resolution. Both GWAM and RWAM are run in forecast mode, twice per day, starting from 00Z and 12Z, out to 5 days in the case of GWAM and to the same forecast time as the COAMPS area for RWAM (T+48 except for Europe which runs to T+72). No observational wave data is assimilated into the model runs at present. Output from both models includes the directional wave spectra at each grid point, from which significant wave height, peak period and peak direction are derived.

Other Models

There are a large number of models run throughout the world in various forms, from global models to higher resolution regional models. The more traditional sources of meteorological information are discussed briefly.


National Center for Environmental Prediction (NCEP)
NCEP runs a number of different models, some operationally, some under development for future operational consideration. The mainstay model for NCEP is the Global Spectral Model (GSM), it is used to provide output from the Aviation Model (AVN) and the Medium Range Forecast Model (MRF). The GSM, and therefore, the AVN and MRF, are run twice daily. AVN to T+72hrs and the MRF to T+240hrs. The horizontal resolution is approximately 1 deg x 1 deg, the vertical resolution is 28 vertical levels from the surface to ~0.25mb. In addition, NCEP runs 2 regional models. The Nested Grid Model (NGM) is centered over the United States and runs to T+48hrs, twice daily. The horizontal resolution is approximately 85km, the vertical resolution is 16 vertical levels from the surface to 50mb. One of its strengths is that it uses a 6hr forecast for its first-guess field. The ETA model is named for the vertical co-ordinate system that it applies (based upon pressure levels), it runs twice daily over the continental United States to T+48hrs and is specifically designed for mesoscale applications. The horizontal resolution is ~29km, the vertical resolution is 50 levels from the surface to 25mb. This model is under continual development.


Air Force Weather Agency (AFWA)

AFWA have been making use of the Mesoscale Model Version 5 (MM5) for mesoscale applications. Additionally, MM5 is used as a research model by a number of Universities in the United States and abroad. As a consequence, the resolution applied by the various centers varies from 48km to 4km. At present, AFWA runs MM5 at resolutions of 36km, 12km, and 4km for a number of areas throughout the world. MM5 is similar in many respects to COAMPS. For example, sigma-z vertical co-ordinate system with 30 vertical levels. However, a significant difference between MM5 run by AFWA and COAMPS is that there is no first-guess field used in MM5, this is called a ‘cold start’. Users should be aware of this fact and its implications; the model can take 6-12hrs to ‘spin-up’ depending upon the synoptic situation. Model statistics and tendencies are available via AFWA’s website.


Rapid Update Cycle (RUC)
The RUC is another model that is heavily used in the research community, as such, model resolutions vary markedly. Most output is in the 10-40km horizontal resolution range. A big advantage of the RUC, as suggested by the name, is that the time step used for consecutive calculations are short, typically 60 seconds (as opposed to approx 200 seconds for most other models). This allows for finer detail and a better handle on difficult to calculate parameters such as precipitation and cloud.


European Centre for Medium Range Weather Forecasting (ECMWF)
ECMWF runs the most accurate forecasting model in the world today. They are continually improving model resolution both horizontally and vertically. At present, the global model is run at ~50km horizontal resolution with 63 vertical levels. They produce accurate forecasts for up to 7 days.


United Kingdom Meteorology Office (UKMO)
The UKMO runs an in-house developed model known as the Unified Model (UM). The global version of this model is run at approximately 60km horizontal resolution with 30 vertical levels, twice daily out to 6 days. A mesoscale version of the UM centered over the UK is run 4 times per day. It has a horizontal resolution of ~11km and vertical resolution of 38 levels.


Japanese Meteorological Agency (JMA)
The JMA runs both global and regional models, the regional model being centered over Japan. The global model has a horizontal resolution of ~60km with 30 vertical levels from the surface to 10mb. It is run twice per day, to T+84hrs at 00Z and to T+192hrs at 12Z. The regional model has a horizontal resolution of 20km with 36 vertical levels. It is run twice daily to T+51hrs.

SUMMARY
The business of forecasting the weather with the assistance of Numerical Weather Prediction models is becoming ever more complex with the number of models available and the different methodologies applied in running these models. However, there are some basic rules that must be followed in order for NWP systems to be of maximum benefit when producing an operational forecast. A good forecast only comes from a good initial field, that is, a good analysis. Forecasters must assess the initial field of the model for accuracy/validity in order to have confidence in the subsequent forecast. With experience and knowledge passed between forecasters, a good forecaster learns which models work best in their area of interest. All NWP models have strengths and weaknesses; therefore, it bodes the forecaster to know and understand the various biases associated with each model. If a model is used without this knowledge (used blindly), a forecast ‘bust’ will happen and the model will be blamed - but the blame lies firmly with the forecaster! NWP models are continually under development with new physics, ideas and hardware capabilities (which allows for new model application) applied regularly. For this reason, you must keep abreast on model publications, developments, upgrades and limitations to enhance your forecast skills and abilities in your area.

