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Impact of Vertical Wind Shear

Factors
Several environmental factors influence the development of
tropical cyclones
You know that from the lectures.

Vertical Wind Shear
Of particular importance: vertical wind shear (Vs)

Big Vs ⇒ inhibits the development of tropical cyclones
Vs > 10 ms−1 ⇒ impact is substantial

"strong shear of 15 ms−1 literally tore an intense strom apart in
about one day" [Frank and Ritchie, 2001]
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Connections

What depends on what
1 weakening of the Pacific Walker circulation
2 stronger wind shear in the Caribbean Sea
3 break down of tropical cyclones
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Pacific Walker Circulation

Source: [Matthias Forkel]

Peter Barmet, Thomas Kuster, André Welti Models predict a decrease in tropical cyclone activity



Introduction Connections Shear Other Indices Conclusion

Weakening of the Pacific Walker Circulation

Simulation
Different rate of response to surface warming of water
vapour and precipitation
weakening of the boundary layer/troposphere mass
exchange
≈ 5% per ◦C warming

[Vecchi, 2006]
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Correlation between Shear and Walker Weakening

Figure 2a). The Scenario A1B 21st Century Vs changes in
the SER are between �2% and 30% of the mean shear.
[6] On interannual timescales, changes in the Pacific

Walker circulation associated with El Niño have been
connected to enhanced shear over the tropical Atlantic,
via atmospheric teleconnections from the related eastward
shift of equatorial Pacific atmospheric convection [e.g.,
Pielke and Landsea, 1999; Camargo et al., 2007]. Here
we explore the extent to which the model-projected increase
in Vs is related to the model projections of a weakened
Pacific Walker circulation over the 21st Century [e.g., Held
and Soden, 2006; VS07]. Figure 2a shows the inter-model
correlation between the change in the Pacific Walker
circulation index and the change in Vs at each location;
warm colors in Figure 2a indicate regions where a decrease

in the Pacific Walker circulation is associated with increased
shear. Notice that the region of strongest correlation
corresponds to the SER. That is, inter-model differences
in the region of largest ensemble-mean shear increase are
correlated to the deceleration of the Walker circulation in
each model. The connection between decreased Pacific
Walker circulation and increased shear in these models is
further highlighted in Figure 2b. The models with larger
Walker circulation weakening tend to show larger Vs

increase over the SER region (the correlation coefficient
across models is 0.71; p < 0.05).
[7] We note that the SER is displaced to the north of the

region of most frequent cyclogenesis over the period 1981–
2005, which we shall refer to as the ‘‘Main Development
Region’’ or MDR (60�W–20�W, 8�N–15�N; see Figure 1).

Figure 1. IPCC-AR4 multi-model projections of June–November Vs change. (a) The 18-model ensemble-mean change in
June–November 850 hPa-200 hPa vertical wind shear (shaded, ms�1 �C�1 warming), contours show ensemble-mean
background shear (2001–2020 average, ms�1); (b) Number of models (out of 18) showing positive change in Vs. Changes
are normalized by each model’s global mean June–November surface air temperature change before averaging. Dots
indicate locations of tropical cyclone genesis over the period 1981–2005; box indicates a region of frequent cyclone
development (MDR).

Figure 2. Relationship between IPCC-AR4 multi-model projections of June–November 850 hPa-200 hPa Vs change and
Pacific Walker circulation change. (a) The 18-model inter-model correlation of Vs change at each point and Pacific Walker
circulation change; (b) Change in the SER (90�W–40�W, 13�N–25�N) Vs change versus Pacific Walker circulation change
in each model. Pacific Walker circulation index defined as sea level pressure difference between eastern and western
equatorial Pacific [Vecchi et al., 2006; Vecchi and Soden, 2007]. Box in Figure 2a indicates the region of strong ensemble
mean shear increase (SER).
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Box indicates the region of strong ensamble mean shear
increase.
Explains ≈ 50% of the inter-model variability in shear
enhancement region (SER).
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Profiles of Wind at Start and End of 21st Century

We chose to define Vs as ju850 � u200j because there is
substantial literature indicating some relationship between
Vs defined in this manner and hurricanes. Over the SER this
definition captures the principal wind features that contrib-
ute to vertical shear (Figure 3a). However, over the MDR,
both the model background and ensemble-mean change of
tropospheric vertical wind shear are better captured by the
difference between 700 hPa and 150 hPa winds (Figure 3b).
The IPCC-AR4 models show a statistically significant (p <
0.05) increase in MDR shear between 700 hPa and 150 hPa
(Figure 3b). To the extent that the effect of an increase of
700 hPa to 150 hPa wind shear of equal relevance to that of
850 hPa to 200 hPa wind shear, the multi-model ensemble
also projects an increase in shear over the MDR. If one
adopts an alternative definition for vertical shear as the
vertical standard deviation of wind over the model free
troposphere (850 hPa–150 hPa), rather than the magnitude
of the vector difference at two pressure levels, the models
project a substantial increase of shear over both the MDR
and SER (not shown).
[8] So far we have focused on the June–November

tropical North Atlantic shear, though there are robust Vs

changes evident globally, in other seasons (e.g., auxiliary
material) and in the annual mean. For example, between
20�–40� latitude in the southern hemisphere (and both
hemispheres in the annual-mean) there is a zonally-symmetric
Vs increase (e.g., Figure 4a). Within 5� of the Equator there
is a noticeable weakening of Vs over all three oceanic basins
(Figure 4a), which is present in all seasons. In these models
the near-equatorial Vs weakening appears related to their
robust weakening of near-equatorial zonal overturning [e.g.,
Vecchi et al., 2006; VS07], resulting from global thermo-
dynamic constraints [Held and Soden, 2006].

3. Changes in Other Hurricane-Related Indices

[9] Increases in lower tropospheric absolute vorticity
(h850), mid-tropospheric relative humidity (rh700) and

Emanuel’s [1995] hurricane maximum potential intensity
for velocity (MPIv) have been linked to increased hurricane
activity. Emanuel and Nolan [2004] have developed a
‘‘Cyclone Genesis Potential Index’’ – or GPI – which looks
at the combined effect of all four parameters on storm
genesis. As is shown in the auxiliary material, changes in
the various terms would have comparable effects on GPI if
their fractional changes are similar. In Figure 4 we compare
the fractional changes in the parameters relevant to GPI.
[10] The changes in h850 are an order of magnitude smaller

than those of the other parameters and therefore not shown.
The tropical Atlantic rh700 changes are dominated by drying
over the Caribbean Sea (Figure 4b). Tropical-mean rh700
shows very little change, consistent with the largely
Clausius-Clapeyron driven increase in specific humidity of
these models [Held and Soden, 2006]. Many of the regional
rh700 changes appear connected to the local changes in
500 hPa pressure velocity (w500, contours in Figure 4b),
with regions of anomalous descent (ascent) showing relative
drying (moistening)-a relationship consistent with anom-
alous advection of drier (moister) air from above (below).
[11] While June–November MPIv increases over most of

the northern hemisphere tropics, there is a large region in
the northern tropical Atlantic where the ensemble-mean
MPIv actually decreases (Figure 4c). This region of MPIv
decrease is associated with a relative minimum in the sea
surface temperature (SST) warming (contours in Figure 4c).
MPIv changes around the globe track the structure of SST
changes very tightly – with regions that warm more (less)
than the tropical mean showing an MPI increase (decrease).
Since changes in upper tropospheric temperatures are
determined by changes in the tropical-mean SST, rather
than changes in local SST [e.g., Sobel et al., 2002], a local
minimum (maximum) in surface warming results in an
anomalous increase (decrease) in static stability. This
relationship between MPIv and local SST changes (relative
to the tropical mean SST change) holds not only for the
ensemble mean, but also for each of the models. A similar

Figure 3. Profiles of June–November winds at start (black lines) and end (green lines) of 21st century from IPCC-AR4
Scenario A1B multi-model ensemble averaged over two regions in north tropical Atlantic. Zonal (meridional) winds are
shown in solid (dotted) lines; orange shading shows the two-sided p = 0.05 interval on the 2081–2100 average based on a
Student’s-t test and the inter-model variance. (left) Region of robust Vs increase indicated in Figure 2a. (right) Region of
frequent tropical cyclone formation indicated in Figure 1. Light horizontal lines indicate 850 hPa and 200 hPa.
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Shear Enhancement Region (SER) Main Development Region (MDR)

Definition

Vs = |u850 − u200|
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Main Development Region (MDR)

Figure 2a). The Scenario A1B 21st Century Vs changes in
the SER are between �2% and 30% of the mean shear.
[6] On interannual timescales, changes in the Pacific

Walker circulation associated with El Niño have been
connected to enhanced shear over the tropical Atlantic,
via atmospheric teleconnections from the related eastward
shift of equatorial Pacific atmospheric convection [e.g.,
Pielke and Landsea, 1999; Camargo et al., 2007]. Here
we explore the extent to which the model-projected increase
in Vs is related to the model projections of a weakened
Pacific Walker circulation over the 21st Century [e.g., Held
and Soden, 2006; VS07]. Figure 2a shows the inter-model
correlation between the change in the Pacific Walker
circulation index and the change in Vs at each location;
warm colors in Figure 2a indicate regions where a decrease

in the Pacific Walker circulation is associated with increased
shear. Notice that the region of strongest correlation
corresponds to the SER. That is, inter-model differences
in the region of largest ensemble-mean shear increase are
correlated to the deceleration of the Walker circulation in
each model. The connection between decreased Pacific
Walker circulation and increased shear in these models is
further highlighted in Figure 2b. The models with larger
Walker circulation weakening tend to show larger Vs

increase over the SER region (the correlation coefficient
across models is 0.71; p < 0.05).
[7] We note that the SER is displaced to the north of the

region of most frequent cyclogenesis over the period 1981–
2005, which we shall refer to as the ‘‘Main Development
Region’’ or MDR (60�W–20�W, 8�N–15�N; see Figure 1).

Figure 1. IPCC-AR4 multi-model projections of June–November Vs change. (a) The 18-model ensemble-mean change in
June–November 850 hPa-200 hPa vertical wind shear (shaded, ms�1 �C�1 warming), contours show ensemble-mean
background shear (2001–2020 average, ms�1); (b) Number of models (out of 18) showing positive change in Vs. Changes
are normalized by each model’s global mean June–November surface air temperature change before averaging. Dots
indicate locations of tropical cyclone genesis over the period 1981–2005; box indicates a region of frequent cyclone
development (MDR).

Figure 2. Relationship between IPCC-AR4 multi-model projections of June–November 850 hPa-200 hPa Vs change and
Pacific Walker circulation change. (a) The 18-model inter-model correlation of Vs change at each point and Pacific Walker
circulation change; (b) Change in the SER (90�W–40�W, 13�N–25�N) Vs change versus Pacific Walker circulation change
in each model. Pacific Walker circulation index defined as sea level pressure difference between eastern and western
equatorial Pacific [Vecchi et al., 2006; Vecchi and Soden, 2007]. Box in Figure 2a indicates the region of strong ensemble
mean shear increase (SER).
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June–November ensemble mean: Vs

mechanism has been suggested to be important in the
El Niño response of tropical Atlantic hurricane activity
[Tang and Neelin, 2004]. Understanding the processes that
control both regional and global tropical SST changes [e.g.,
Knutson et al., 2006; Santer et al., 2006] is essential for
projecting regional MPIv changes. The SST warming
minimum in the tropical Atlantic is also present in the
ensemble-mean of IPCC-AR4 climate model runs with a
mixed-layer ocean forced with a doubling of CO2 (not
shown), suggesting that the minimum in surface warming
may result primarily from changes in atmospheric forcing,
rather than from ocean dynamics.
[12] The multi-model ensemble-mean change in GPI is

shown in Figure 4d. Model-projected GPI increases
substantially in the western and central Pacific, but the
changes in the tropical Atlantic and East Pacific are more

modest – showing both regions of increase and decrease –
due in part to the local increase in wind shear (e.g.,
Auxiliary Figure S1). In the multi-model ensemble, the
North Atlantic and East Pacific contribution of Vs to the
fractional change in GPI is comparable to that of each of
the other three terms (Auxiliary Figure S1), although the
region of largest percentage Atlantic GPI changes caused by
shear is a region of relatively modest GPI.

4. Summary and Discussion

[13] Global climate model projections for the 21st Cen-
tury indicate a robust increase in June–November vertical
wind shear in the tropical Atlantic and East Pacific Oceans.
Over the Caribbean Sea, the northern tropical Atlantic (the
SER) and the eastern tropical Pacific, the multi-model

Figure 4. IPCC-AR4 Scenario A1B June–November ensemble mean projected fractional change in large-scale
environmental parameters associated with hurricane intensity and activity: (a) Vs, (b) 700 hPa relative humidity, and
(c) Emanuel’s [1995] wind maximum potential intensity (MPIv). (d) Change in Emanuel and Nolan’s [2004] genesis
potential index (GPI) is shown. Fractional changes are normalized by global surface air temperature increase. Contoured in
Figure 4b is the ensemble-mean 500 hPa pressure velocity (w500) change (normalized by each model’s global mean surface
temperature change), upward motion is negative. Contoured in Figure 4c is the difference between the local SST change
and the 35�S–35�N mean SST change, normalized by the 35�S–35�N mean SST change. Contoured in Figure 4d is the
ensemble-mean GPI averaged over the period 2001–2020.
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rather than from ocean dynamics.
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due in part to the local increase in wind shear (e.g.,
Auxiliary Figure S1). In the multi-model ensemble, the
North Atlantic and East Pacific contribution of Vs to the
fractional change in GPI is comparable to that of each of
the other three terms (Auxiliary Figure S1), although the
region of largest percentage Atlantic GPI changes caused by
shear is a region of relatively modest GPI.
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[13] Global climate model projections for the 21st Cen-
tury indicate a robust increase in June–November vertical
wind shear in the tropical Atlantic and East Pacific Oceans.
Over the Caribbean Sea, the northern tropical Atlantic (the
SER) and the eastern tropical Pacific, the multi-model

Figure 4. IPCC-AR4 Scenario A1B June–November ensemble mean projected fractional change in large-scale
environmental parameters associated with hurricane intensity and activity: (a) Vs, (b) 700 hPa relative humidity, and
(c) Emanuel’s [1995] wind maximum potential intensity (MPIv). (d) Change in Emanuel and Nolan’s [2004] genesis
potential index (GPI) is shown. Fractional changes are normalized by global surface air temperature increase. Contoured in
Figure 4b is the ensemble-mean 500 hPa pressure velocity (w500) change (normalized by each model’s global mean surface
temperature change), upward motion is negative. Contoured in Figure 4c is the difference between the local SST change
and the 35�S–35�N mean SST change, normalized by the 35�S–35�N mean SST change. Contoured in Figure 4d is the
ensemble-mean GPI averaged over the period 2001–2020.
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Other Tropical Cyclones Related Indices

mechanism has been suggested to be important in the
El Niño response of tropical Atlantic hurricane activity
[Tang and Neelin, 2004]. Understanding the processes that
control both regional and global tropical SST changes [e.g.,
Knutson et al., 2006; Santer et al., 2006] is essential for
projecting regional MPIv changes. The SST warming
minimum in the tropical Atlantic is also present in the
ensemble-mean of IPCC-AR4 climate model runs with a
mixed-layer ocean forced with a doubling of CO2 (not
shown), suggesting that the minimum in surface warming
may result primarily from changes in atmospheric forcing,
rather than from ocean dynamics.
[12] The multi-model ensemble-mean change in GPI is

shown in Figure 4d. Model-projected GPI increases
substantially in the western and central Pacific, but the
changes in the tropical Atlantic and East Pacific are more

modest – showing both regions of increase and decrease –
due in part to the local increase in wind shear (e.g.,
Auxiliary Figure S1). In the multi-model ensemble, the
North Atlantic and East Pacific contribution of Vs to the
fractional change in GPI is comparable to that of each of
the other three terms (Auxiliary Figure S1), although the
region of largest percentage Atlantic GPI changes caused by
shear is a region of relatively modest GPI.

4. Summary and Discussion

[13] Global climate model projections for the 21st Cen-
tury indicate a robust increase in June–November vertical
wind shear in the tropical Atlantic and East Pacific Oceans.
Over the Caribbean Sea, the northern tropical Atlantic (the
SER) and the eastern tropical Pacific, the multi-model

Figure 4. IPCC-AR4 Scenario A1B June–November ensemble mean projected fractional change in large-scale
environmental parameters associated with hurricane intensity and activity: (a) Vs, (b) 700 hPa relative humidity, and
(c) Emanuel’s [1995] wind maximum potential intensity (MPIv). (d) Change in Emanuel and Nolan’s [2004] genesis
potential index (GPI) is shown. Fractional changes are normalized by global surface air temperature increase. Contoured in
Figure 4b is the ensemble-mean 500 hPa pressure velocity (w500) change (normalized by each model’s global mean surface
temperature change), upward motion is negative. Contoured in Figure 4c is the difference between the local SST change
and the 35�S–35�N mean SST change, normalized by the 35�S–35�N mean SST change. Contoured in Figure 4d is the
ensemble-mean GPI averaged over the period 2001–2020.
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Figure 4b is the ensemble-mean 500 hPa pressure velocity (w500) change (normalized by each model’s global mean surface
temperature change), upward motion is negative. Contoured in Figure 4c is the difference between the local SST change
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and the 35�S–35�N mean SST change, normalized by the 35�S–35�N mean SST change. Contoured in Figure 4d is the
ensemble-mean GPI averaged over the period 2001–2020.
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Relative humidity at 700 hPa
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Conclusion

Change in Wind Shear

Within 5◦ of the Equator a noticeable weakening of Vs ⇒
development of tropical cyclones is not possible in this
region (lack of corriolis force)
Main Development Region (MDR) no change in wind shear
Shear Enhancement Region, more wind shear ⇒
weakening of tropical cyclones
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June–November ensemble mean: Vs

mechanism has been suggested to be important in the
El Niño response of tropical Atlantic hurricane activity
[Tang and Neelin, 2004]. Understanding the processes that
control both regional and global tropical SST changes [e.g.,
Knutson et al., 2006; Santer et al., 2006] is essential for
projecting regional MPIv changes. The SST warming
minimum in the tropical Atlantic is also present in the
ensemble-mean of IPCC-AR4 climate model runs with a
mixed-layer ocean forced with a doubling of CO2 (not
shown), suggesting that the minimum in surface warming
may result primarily from changes in atmospheric forcing,
rather than from ocean dynamics.
[12] The multi-model ensemble-mean change in GPI is

shown in Figure 4d. Model-projected GPI increases
substantially in the western and central Pacific, but the
changes in the tropical Atlantic and East Pacific are more

modest – showing both regions of increase and decrease –
due in part to the local increase in wind shear (e.g.,
Auxiliary Figure S1). In the multi-model ensemble, the
North Atlantic and East Pacific contribution of Vs to the
fractional change in GPI is comparable to that of each of
the other three terms (Auxiliary Figure S1), although the
region of largest percentage Atlantic GPI changes caused by
shear is a region of relatively modest GPI.

4. Summary and Discussion

[13] Global climate model projections for the 21st Cen-
tury indicate a robust increase in June–November vertical
wind shear in the tropical Atlantic and East Pacific Oceans.
Over the Caribbean Sea, the northern tropical Atlantic (the
SER) and the eastern tropical Pacific, the multi-model

Figure 4. IPCC-AR4 Scenario A1B June–November ensemble mean projected fractional change in large-scale
environmental parameters associated with hurricane intensity and activity: (a) Vs, (b) 700 hPa relative humidity, and
(c) Emanuel’s [1995] wind maximum potential intensity (MPIv). (d) Change in Emanuel and Nolan’s [2004] genesis
potential index (GPI) is shown. Fractional changes are normalized by global surface air temperature increase. Contoured in
Figure 4b is the ensemble-mean 500 hPa pressure velocity (w500) change (normalized by each model’s global mean surface
temperature change), upward motion is negative. Contoured in Figure 4c is the difference between the local SST change
and the 35�S–35�N mean SST change, normalized by the 35�S–35�N mean SST change. Contoured in Figure 4d is the
ensemble-mean GPI averaged over the period 2001–2020.
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Peter Barmet, Thomas Kuster, André Welti Models predict a decrease in tropical cyclone activity
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