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This project uses the gradient wind equation to classify atmospheric flow in the Japanese 

55-year Reanalysis (JRA-55). We used 60 years (1958–2018) of this four-times-daily dataset 

with 1.25° global resolution in latitude and longitude. First released with a 55-year length in 

2013, JRA-55 improved on methods developed for the Japanese 25-year Reanalysis (JRA-25), 

using newer data assimilation methods to reduce biases (Japan Meteorological Agency/Japan 

2013, Kobayashi et al. 2015). JRA-55 was developed using observations from multiple sources, 

including observations used in the European Centre for Medium-Range Weather Forecasts 45-

year Reanalysis (ERA-40) and other specialized datasets for variables such as snow cover. In 

addition to traditional ground-based observations and vertical profiles from radiosondes, JRA-55 

incorporated reprocessed satellite imagery, which only became available after the release of 

JRA-25. Of the 37 data sources used in the reanalysis, 21 were new or reprocessed for JRA-55. 

Despite the improvements, Kobayashi et al. (2015) acknowledge that the reanalysis is still 

imperfect, citing inconsistent observations as a significant culprit. The version of JRA-55 that we 

are using has been interpolated to 37 isobaric surfaces between 1 and 1000 hPa. Our variables of 

interest are the geopotential height, u- and v-components of the wind, vertical velocity, and 

relative vorticity. Sixty years of data (1 January 1958–31 December 2017) were used to calculate 

the Rossby number, Ro = V/(f Rt). 

Using the Rossby number, we looked for “anomalous highs” (highs where the wind speed 

corresponds to the faster root of the gradient wind equation), “anomalous lows” (lows with 

anticyclonic flow, i.e., CW/CCW in the Northern/Southern Hemisphere), and cyclostrophic and 

inertial flow. Mogil and Holle (1972) found multiple cases of apparent anomalous flow at upper 

levels of the atmosphere. Thompson et al. (2018) question these findings because of low data 

resolution. With the improved spatiotemporal coverage of JRA-55, we intend to reexamine these 



findings. Schemes for using the Rossby number to categorize these various patterns are 

explained below.  

A second goal was to check every grid point for possible inertial instability, f (f + こ) < 0, 

i.e., whether the planetary vorticity, f, and absolute vorticity, f + こ, have the opposite sign. 

Thompson et al. (2018) used the ERA-Interim reanalysis to examine the global distribution of 

inertial instability. They only examined levels above the boundary layer, where it is usually 

reasonable to neglect dissipation in calculations. The authors’ methodology found a significant 

frequency of inertial instability in the tropics and multiple seasonal local maxima of inertial 

instability outside of the tropics. Existing literature and many current textbooks claim that the 

flow outside of the tropics is always inertially stable. 

The gradient wind equation neglects dissipation and describes horizontal acceleration to 

the left of the direction of the wind. Centripetal acceleration occurs when there is an imbalance 

between the pressure gradient force and the Coriolis force: 撃態迎痛 噺 伐 項も項券 伐 血撃 岫な岻 

where V is the tangential wind speed [≥ 0, units: m/s], Rt is the radius of curvature of a trajectory 

[units: m], f = 2 っ sin l is the Coriolis parameter [units: s-1],  and 伐 擢地擢津  is the component of the 

pressure gradient force normal to the direction of the wind [units: N/kg] (Holton and Hakim 

2012, 71–75). For the remainder of this paper, we will use PGFn to denote the pressure gradient 

force in the normal direction. Speed V is never negative, but the radius of curvature Rt is positive 

for counterclockwise flow and negative for clockwise flow in both hemispheres. 

The gradient wind is an approximation of the real wind that is typically closer to the real 

wind than geostrophic wind, which is where the pressure gradient force and Coriolis force are 

equal (Brill 2014). Because the gradient wind equation is quadratic, there are two possible 



solutions for the wind speed. For cyclonic flow around a low (counterclockwise/clockwise in the 

Northern/Southern Hemisphere), one of the wind speed roots is positive, and the other is a 

nonphysical negative root. This is called a “regular low.” For anticyclonic flow around a high 

(clockwise/counterclockwise in the Northern/Southern Hemisphere), both roots are positive, with 

the smaller root being more commonly observed (“regular high”), but the faster root 

(“anomalous high”) is apparently not impossible and should be verified against wind data 

(Krishnamurti et al. 2005, Brill 2014). All of these circulations are illustrated for the Northern 

Hemisphere in Figure 2. 

Depending on how a few key assumptions are handled, particularly the radius of 

curvature, different but otherwise mathematically valid values for the gradient wind speed can be 

obtained. Brill (2014) examined the potential biases in each assumption, which mostly relate to 

their relative ease or difficulty in usage and whether the assumptions over- or underestimate the 

wind speed and developed a classification system. With this classification of various types of 

gradient wind calculations, our procedure would be described as “Natural Nonsteady.” Among 

the advantages Brill (2014) lists for this method are that it is easy to compute and the anomalous 

solution can be justified, while a disadvantage is that it can overestimate speed. Additionally, Li 

(2015) examined the force balances necessary for the existence of the anomalous high and low 

and proposed a few potential balances. 

The Rossby number is the ratio of the centripetal acceleration to the Coriolis force: 

迎剣 噺  撃態【迎痛血 撃 噺 撃血 迎痛 岫に岻 

We generalize the definition of the Rossby number to be positive or negative. While V is never 

negative, f is positive/negative in the Northern/Southern Hemisphere, and Rt is positive/negative 

for counterclockwise/clockwise flow in either hemisphere. Commonly the Rossby number is 



taken to be the absolute value of what we have defined (e.g,. Holton and Hakim 2012, 77). 

Willoughby (2011) allowed the Rossby number to be negative in analyzing gradient-balanced 

flows and their relationship to the golden radius. 

The Rossby number is a powerful dimensionless number that has a variety of 

applications, including scale analysis and categorizing types of atmospheric flow. Certain ranges 

of the Rossby number can be used to validate models and diagnose other phenomena (Beare and 

Cullen 2016, Schecter 2007, Ryglicki 2015). Ryglicki (2015) used the Rossby number to 

describe the initial flow type in their simulation of how high-Rossby number flow responds to 

certain shear scenarios. Certain values of the Rossby number have also been used in theoretical 

simulations to mark a transitional zone in flow (Willoughby 2011). 

The gradient wind equation, (1), has three special cases in which the three terms are 

individually zero:  

• Geostrophic flow: V2/Rt = 0 = centripetal acceleration 

• Inertial flow: PGFn = 0 = normal pressure gradient force 

• Cyclostrophic flow: f V = 0 = Coriolis force 

By definition, (2), the Rossby number for the first and third special cases are: 

• Geostrophic flow: Ro = 0 

• Cyclostrophic flow: 1/Ro = 0 

To get the Rossby number for the second special case, we divide the gradient wind equation by 

the Coriolis force, 迎剣 噺 牒弔庁韮捗蝶 伐 な 岫ぬ岻 

With PGFn = 0, we have 

• Inertial flow: Ro = -1 



This is the first instance where we see the necessity of allowing the Rossby number to be 

positive or negative, because Ro = +1 is not inertial flow. 

By definition, geostrophic flow balances the pressure gradient force and Coriolis force 

(Holton and Hakim 2012, 71-72). This balance is illustrated in Figure 1a. With PGF and CF 

balanced, there is no curvature to the flow (|Rt| = ∞).  

For purely cyclostrophic flow, the Coriolis force is negligible, and only the pressure 

gradient force causes the centripetal acceleration (Holton and Hakim 2012, 73-74), as shown in 

Figure 1b. With the above equations, it can be shown that 

迎潮 噺 lim捗蝶蝦待 磐鶏罫繋津血撃 伐 な卑 噺 タ 岫の岻 

Because the Coriolis force is exactly zero only at the equator, the threshold for counting as 

cyclostrophic flow is defined as when PGF is an order of magnitude larger than CF. 

Subsequently, 】迎待】 半 など for cyclostrophic flow. Having established this, if we examine equation 

3 and assume that f≠0, or that we are not at the equator, we can draw conclusions about the 

relative sizes of the velocity and radius of curvature. For the magnitude of RO to be large enough, 

a combination of a large velocity and small radius of curvature are required. 

Inertial flow is a balance between the Coriolis and centrifugal force, and the pressure 

gradient force is negligible (Holton and Hakim 2012, 72-73), shown in Figure 1c.  

We next consider the Rossby number for approximate geostrophic, inertial, and 

cyclostrophic flow. To do this, we say that flow is approximately a given type if the magnitude 

of one of the three terms in the gradient wind equation is less than or equal to a certain fraction 

compared to one of the two more significant terms. Here, we arbitrarily choose 0.15. Therefore, 

flow is approximately geostrophic if |Ro| = | (V2/Rt) / (f V) | ≤ 0.15. Flow is approximately 



inertial if |PGFn / (f V)| |  ≤ 0.15, so -1.15 ≤ Ro ≤ -0.85 by (3). Flow is approximately 

cyclostrophic if 1/|Ro| = |(f V) / (V2/Rt) | ≤ 0.15, i.e., |Ro| ≥ 1/0.15 = 6.7. 

A new use for the Rossby number developed in this project is distinguishing among 

regular and anomalous highs and lows. The first step is to analyze the gradient wind for each 

case of force balances shown for the Northern Hemisphere in Figure 2. The gradient wind speed 

is the solution to the quadratic gradient wind equation: 

撃 噺 伐 血迎痛に 罰 俵磐血迎痛に 卑態 髪 迎痛 鶏罫繋津 岫ば岻 

Dividing by (f Rt),  

迎潮 噺 伐 血迎痛に 罰 俵磐血迎痛に 卑態 髪 迎痛 鶏罫繋津血迎痛 岫ぱ岻 

which simplifies to 

迎潮 噺 伐 なに 罰 嫌俵磐なに卑態 髪 鶏罫繋津血態迎痛 岫ひ岻 

where s = +1 if (f Rt) ≥ 0, and s = -1 if (f Rt) ≤ 0, 

A regular low rotates cyclonically, so f Rt > 0 and Rt PGFn > 0. By (7), we must choose 

the positive root so that V ≥ 0. Therefore, by (9), Ro ≥ 0 for a regular low. 

An anomalous low rotates anticyclonically (e.g., an anticyclonic tornado), so f Rt < 0 and 

Rt PGFn > 0. Therefore, by (9), Ro < -1 for an anomalous low. Though Holton and Hakim (2012, 

77) treat the Rossby number solely as a magnitude, they do note that an “anomalous low…can 

exist only when V/(fR) < -1.” 

Both a regular and anomalous high rotate anticyclonically, so f Rt < 0 and Rt PGFn < 0. 

For a regular/anomalous high, we choose the negative/positive root in (7) and (9). Because 



血態迎痛 隼 ど, we have s = -1 in (9). With the additional constraint that the radicand in (7) and (9) 

cannot be negative, we have -0.5 < Ro < 0 for a regular high and -1 < Ro < -0.5 for an anomalous 

high. 

The following table summarizes our results: 

Anomalous low Anomalous high Regular high Regular low 

Ro < -1 -1 < Ro < -0.5 -0.5 < Ro < 0 Ro ≥ 0 

 

Once again, we see the desirability of allowing the Rossby number to be positive or negative. 

To ease the calculations required for this project, we followed the gradient wind equation 

and neglected friction, i.e., we assumed that friction is at least an order of magnitude less than 

the other forces and can be neglected. This assumption is usually reasonable at synoptic scales 

above the boundary layer, but may be a source of error in lower levels of the atmosphere, 

especially in mountainous regions (Brill 2014). 

Because the above equations are defined in terms of the normal and tangential directions, 

we converted the u and v wind components to a speed and tangential unit vector before 

calculating the rate of change of the wind speed and PGFn. Because Rt is infinite for geostrophic 

flow, we chose to compute the curvature, 腔, defined as 

腔 噺 な迎痛 噺 鶏罫繋津 伐 血撃撃態 岫なな岻 

was calculated instead, so that 

迎潮 噺  腔 撃血 岫なに岻 

Since Coriolis parameter f=0 at the equator, the Rossby number at the equator was automatically 

undefined. In the Fortran code used to calculate the curvature and Rossby number, 1x1010 was 



used. In plotting, values greater than 1x109 were set to the NumPy package’s “Not a Number” 

value so that they would be omitted from the plots. 

Using the two sets of categories for Rossby numbers, we calculated the Rossby number 

for all 37 isobaric levels between 1 and 1000 hPa and all points horizontally except the equator 

and poles. For 60 years of four-times-daily analyses on a 145 by 256 latitude-longitude grid, 

ignoring the equator and poles, this is a total of 132,642,904,320 cases. The flow was exactly 0 

in only one case, so we could compute Rossby numbers for all the remaining cases.  

The following tables summarizes our Rossby number statistics. 

 Approx Geostrophic Approx Inertial Approx Cyclostrophic 

No. of cases 64,405,098,292 2,400,448,610    81,4928,340   

Fraction of cases 48.6% 1.8% 0.6% 

 

As we shall see, it is likely that the small number of approximately cyclostrophic cases are not 

physical but represent issues with calculation, because they do not appear physical on the maps. 

 Anomolous Low Anom High Regular High Regular Low 

No. of cases 5,770,768,437    7,347,264,326         54,954,130,279        64,460,530,726 

Fraction of cases 4.4% 5.5% 41.4% 48.6% 

 

Thus, the vast majority of cases are regular highs and lows, but regular lows are more common 

that regular highs, perhaps because a wider range of Rossby numbers in involved. As we shall 

see, maps indicate anomalous highs that persist over time with larger-scale structure, so they may 

exist in nature, not just the JRA-55 dataset. 

For completeness, we include a table that gives the number of cases when the Rossby 

number exactly equaled one of the dividing-line values that distinguish regular and anomalous 

lows and highs. 



 Ro = -1 exactly 

Pure inertial flow 

PGFn = 0 

Ro = -0.5 exactly 

Roots for regular 

and anom. high 

merge, so, in (9), 

radicand = 0 

Ro = 0 exactly 

Pure geostrophic flow 

V2/Rt |= 0 

No. of cases 1,101,86,934   1,228   22,389   

Fraction of cases 0.1% 0.0% 0.0% 

 

All three cases do occur, by they are negligible out of almost 133 billion cases. 

To go beyond raw statistics, we plotted Rossby numbers at various times and common 

levels to look at the spatial distribution of anomalous cases and cyclostrophic and inertial flow. 

Plots for January 2000 at 250 hPa are shown in Figure 3. Because cyclostrophic flow is defined 

as a balance of PGF with the centrifugal force, with Coriolis being negligible, we would 

anticipate finding such cases in the tropics, where the Coriolis force is weaker. The plots of 

geostrophic/cyclostrophic/inertial flow and summary statistics confirmed the standard 

assumption that much of the atmosphere is approximately in geostrophic balance. Visually, much 

of the atmosphere, across all levels plotted, is dominated by approximately geostrophic flow. 

Areas within parallel, uncurved height contours are geostrophic, while along curves there is 

gradient flow. In the summary statistics, slightly less than half of the data points in any given 

month met our geostrophic criterion. The cyclostrophic and inertial flow areas were mostly 

confined between 20°S and 20°N, where the Coriolis and pressure gradient forces are weaker, 

and they only account for 1-3% of the data in any given month.  

Regular high and low cases also dominated their respective plots. Our categorization 

Rossby numbers collocated regular highs/lows with ridges/troughs in the geopotential height 

field. Anomalous high and low Rossby numbers were not geographically confined to any 

particular region. Anomalous highs and lows each accounted for approximately 3-6% of each 



month in the summary statistics. Plots of Rossby numbers for regular and anomalous highs and 

lows for the first two days of January 2000 are shown in Figure 4. 

By looking at successive times, we were additionally able to examine whether the areas 

of geostrophic/cyclostrophic/inertial flow and regular/anomalous highs/lows persist over time. 

Anomalous high and low features tended to maintain their structure over the two days plotted 

and appeared to have organized evolution. This was noted at multiple levels. Some but not all 

inertial flow features persisted and/or propagated, while cyclostrophic areas straddling the 

equator were less temporally consistent. In the midlatitudes, areas where height contours were 

approximately parallel often had Ro≤±0.15, meeting the approximately geostrophic criterion. If 

these areas did not generally agree, there would be a significant cause to doubt common 

geostrophic approximations. In regions where the height contours noticeably curve, even if they 

remained parallel, fewer areas qualified as approximately geostrophic. 

Methods for extrapolating winds to pressure levels below the surface may have created 

some of the cyclostrophic features the 850 hPa plots shown in Figure 5. Of note, at that level in 

January 2000 significant areas of cyclostrophic flow persisted over the Himalayas. The strength 

of these areas over the Tibetan Plateau varies seasonally. In the July 2000 plots, the areas of 

cyclostrophic Rossby numbers are smaller and less persistent. In the opposite hemisphere, the 

Andes Mountains of South America also demonstrate similar features at 850 hPa, with 

cyclostrophic features at 850 hPa. 

The other way of categorizing atmospheric flow that we utilized was inertial instability. 

This portion of the project counted cases of inertial instability at each level across all 60 years of 

data. Thompson et al. (2018) discussed various criterion for inertial instability, their advantages 

and disadvantages. We elected to use the traditional criterion, 血岫耕 髪 血岻 隼 ど to simplify the 



calculations. These simpler calculations come with the tradeoff of requiring approximating the 

atmosphere to a barotropic state, or assuming the isobars and isentropes are parallel. In counting 

cases of inertial instability, the cases were largely contained to equatorial regions. Data points 

that met the inertial instability criteria were focused near the equator, and in the 400–600 hPa 

levels. The findings are shown in Figure 6. This broad trend is consistent with Thompson et al. 

(2018) using ERA-Interim data. 

In future work, it would be important to verify that the radii of curvature calculated using 

the gradient wind equation are reasonable approximations of the real radii of curvature. This 

would be accomplished via the HYSPLIT package, or one of its derivatives available for other 

programming languages, and some geometry. HYSPLIT is a package for calculating the 

trajectories of parcels (Cross 2015). From these trajectories, it is possible to calculate the radius 

of curvature using geometric methods. These radii would then be used in calculating the Rossby 

number instead of the gradient wind solutions. Results could be compared at different levels to 

determine whether friction is a significant force at that level. 

Further work on the inertial instability would involve looking for seasonal trends and 

comparing to Thompson et al. (2018) to see if the areas of inertial instability they identified in 

the ERA-Interim are present in the JRA-55 dataset.  
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