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Abstract
A typhoon (hurricane) is a very strong local disturbance that can affect ocean water as deep as 1000 m. According to observa-
tions and numerical simulations, the decrease in ocean temperature is believed to be caused by inertial pumping, entrainment, 
upwelling, and a pressure-gradient force; however, these assumptions are mostly based on modeling and do not have a clear 
dynamic mechanism. Therefore, in this study, the dynamic mechanism of ocean water in a highly-idealized ocean and wind 
field was calculated. Within the maximum wind range, downwelling in the ocean surface is caused as per the classical Ekman 
layer transport. Then, a pressure-gradient force drives a cyclo-geostrophic current. Because it provides centripetal force, the 
pressure-gradient force decreases with increasing depth. These different currents generate friction that is similar to bottom 
Ekman pumping, leading to upwelling. In the actual ocean, the pressure-gradient force is not only balanced by centripetal 
force but also baroclinic force. When these forces are balanced, the pressure-gradient force disappears, and the dynamic 
motion of the ocean water stops. Thus, upwelling no longer occurs. The depth at which this balance occurs is considered to 
be the maximum depth that a typhoon can impact. Therefore, the pressure-gradient force, caused by typhoons and then offset 
by centripetal and baroclinic forces, is the original dynamic of upwelling in deep ocean water.
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1 Introduction

A typhoon is a very strong local disturbance that injects 
momentum into the ocean and removes heat via movement, 
causing significant abnormal changes in dynamics and 
thermotics over a very short duration (Zheng et al. 2006). 
Therefore, typhoons significantly impact the heat exchange, 
mixing, and ecological processes in the upper ocean, includ-
ing massive waves, increased heat transport (Emanuel 2003; 
Jansen and Ferrari 2009), deepening of the mixed layer (Liu 
et al. 2007), increased chlorophyll concentration (Lin et al. 
2003), intense vertical mixing (Wada et al. 2009), strong 
wind-driven currents (Price 1981, 1983), and storm surges.

The response of the upper ocean layer to typhoons is a 
classic issue for the physical oceanography community, and 
numerous studies have been conducted on it. In 1964, Hur-
ricane Hilda in the Gulf of Mexico was comprehensively 
observed (Leipper 1967). Leipper found that the suction of 
the typhoon center could reach 60 m deep, transporting the 
surface seawater outward before it sank at the typhoon edge. 
A fixed-point buoy deployed by Taitra et al. (1993) recorded 
a typhoon process at close range, providing a rare vertical- 
temperature distribution. It was found that the temperature 
at the surface cooled continuously during a typhoon but rose 
at 50 m and 100 m depths. Then, after warming up slightly, 
it returned to the original temperature.

Satellite observations suggest that hurricane-induced phy-
toplankton blooms may be the result of nutrient upwelling 
from significant depths as 100 m (Babin et al. 2004; Gierach 
and Subrahmanyam 2008). Brooks (1983) concluded that the 
vertical scale of ocean response in the Gulf of Mexico after 
Hurricane Allen in 1980 was much larger than the depth of 
the 200 m thermocline. Pudov (1978) showed that ocean 
water from a depth of 240 m upwelled near the track of 
Typhoon Tess (1975). Hurricane Frederic induced ocean 
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currents at least as deep as 450 m (Hopkins 1982). Moreo-
ver, in some special cases, typhoons have even impacted 
significant depths as 1000 m (Spencer et al. 2016).

Ocean upwelling mechanism has been extensively 
researched both theoretically and practically, producing 
some significant results. A few observations have shown 
that the deep ocean response to a moving hurricane exists 
in the form of near-inertial oscillation (Shay and Elsberry 
1987; Morozov and Velarde 2008). Price et al. (1994) indi-
cated that upwelling is driven by the wind stress curl of the 
hurricane through divergent transport in the upper-ocean, 
with inertial pumping causing the divergence and associated 
upwelling and downwelling in the mixed-layer (Price 1983). 
Wada (2005) concluded that a rapid decrease in sea-surface 
temperature is caused by enhanced entrainment, whereas 
sea-surface cooling under slow transport is induced not only 
by entrainment but also by upwelling. Based on an oceanic 
analysis, Babin et al. (2004) found that the chlorophyll-a 
enhancement induced by a hurricane was associated with the 
upwelling of cold water from the deep ocean. Lu and Huang 
(2010) studied a stationary hurricane in a homogenous ocean 
and found that ocean flow converges in an inward spiral in 
the deeper layer, while it diverges in the upper layer. Zhang 
et al. (2016) used a three-dimensional numerical model 
to compare the in-situ observations of typhoon Kalmaegi 
(2014) to show that the dynamic response of the ocean is 
characterized by strong near-inertial currents with opposite 
phases in the surface mixed layer and thermocline. In addi-
tion, they observed a dominant excitation response in the 
first baroclinic mode of the thermocline.

However, there are few studies observing typhoons, 
and current observation data are mostly based on drifting 
or anchor buoys. Because of the limited typhoon obser-
vation data, numerical simulations are very important 
medium for typhoon research. Using numerical simula-
tion, researchers have identified some mechanisms of 
ocean upwelling. For example, Chang (1985) pointed out 
that since vertical mixing cannot penetrate to such a depth 
in a matter of a few hours, the dynamic response in the 
deep ocean must be transmitted by barotropic pressure 
force. By employing a scale analysis of the depth-inte-
grated momentum and continuity equations, it was found 
that depth-averaged currents are nearly non-divergent 
and are determined entirely by the wind stress (Ginis 
and Sutyrin 1995). Further, the upwelling beneath the 
center of a hurricane is supplied with mass from the radial 
inflow in the boundary layer by the cyclo-geostrophic 
current under the balance between bottom friction and 
the Coriolis force (Lu and Huang 2010).

Hence, there are different conclusions among them so it 
is of great interest to explore the impact of the hurricane on 
the circulation through the whole water column. Thus, in 

this study, we evaluated a stationary typhoon that induced a 
steady circulation in a homogenous environment to explain 
the dynamic mechanism of ocean upwelling from the deep 
ocean. We want to determine how the role of the typhoon 
reaches the deep ocean, even to the reference surface, and 
how it drives the deep water rising. This study is organized 
as follows: Sect. 2 discusses the surface Ekman layer in the 
highly idealized ocean, examines the role of centripetal force 
in the deep ocean, and estimates the depth impacted by a 
typhoon in the real ocean; Sect. 3 outlines the results of 
upwelling, and finally, Sect. 4 summarizes the conclusions.

2  Methods

2.1  Surface Ekman layer in a highly idealized ocean

2.1.1  Vertical velocity ( w
s
 ) in surface Ekman layer

First, consider the circulation in a homogenous ocean 
induced by a stationary typhoon. When a typhoon causes a 
horizontal frictional stress, an Ekman layer is formed. The 
wind-driven horizontal transport and velocity in the surface 
Ekman layer has the following components (Benoit and 
Beckers 2009):

where Mx and My are the eastern and northern Ekman trans-
port components, respectively; �x and �y are the eastern and 
northern wind stress values, respectively; u and v are the 
eastern and northern velocities, respectively; u and v are the 
eastern and northern interior velocities, respectively; f  is 
the Coriolis parameter; dT is the depth of the surface Ekman 
layer; and �0 is the density of the ocean water.

A typhoon wind field is very complex, and it is one of 
the most powerful drivers of oceanic circulation. How-
ever, in this study, we assume that the typhoon wind field 
is axisymmetric and there is no pressure gradient in the 
azimuthal direction. Therefore, we can only consider the 
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radial direction transport by azimuthal wind stress, thereby, 
neglecting other influences. According to Eqs. (1.1) and 
(1.2), transport keeps pace with wind stress. Because wind 
speed increases continually from the center to the radius 
reaching a maximum and then decays rapidly with radius 
(Emanuel 2003), strong wind stress drives radial outward 
Ekman transport in the upper ocean, causing the ocean water 
to decrease inward along the radius of the maximum winds 
and elevate outward. For the entire typhoon, ocean water 
elevation fields exist with a low center and high surrounding, 
showed in Fig. 1.

Therefore, the circulation in the upper layer can be sepa-
rated into two components: a radial outward Ekman trans-
port driven by the typhoon, and a geostrophic current driven 
by the ocean water elevation field. On this basis, we can 
calculate the variation of vertical velocity using the conti-
nuity equation and the solution of the surface Ekman layer 
Eq. 2.1 Eq. 2.2. Thus, the results (the process is provided in 
the Appendix Eq. 36) are as follows:

where ws is the vertical velocity in the surface Ekman layer, 
� is the magnitude of the wind stress, and r is the radius of 
circular motion. Then, the solution (the process is provided 
in the Appendix Eq. 38) with the boundary ws(z = −∞) = 
0 is as follows:
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It indicates that, in the northern hemisphere, from z = 0 
to z = −�dT∕2 , a counterclockwise (typhoon) generates 
a downwelling ( ws<0 and the curl �ws∕�z<0), between   
z = −�dT∕2 and z = −3�dT∕4 , it causes a upwelling and 
the water also diverges, and below z = −3�dT∕4 , it causes 
a upwelling and the water converges, showed in Fig. 1. 
However, the ws  decays exponentially in the vertical direc-
tion (ignored below z = −�dT  ), so downwelling is much 
larger than upwelling and ocean water elevation in the 
center of typhoon will decline.

2.1.2  Ekman transport caused by pressure‑gradient force

Because of the Ekman transport in the surface layer, the 
water elevation in the typhoon center becomes lower while 
that surrounding it becomes higher. The pressure-gradi-
ent force is proportional to the water elevation, driving 
the geostrophic current. If we only consider the balance 
between the Coriolis force and the pressure gradient force, 
we obtain the following equation:

We can also calculate the variation of wp by the follow-
ing equation:

where wp is the vertical velocity caused by pressure gradient 
force and p is the pressure.

This shows that wp is a constant, which indicates a non-
divergence field, revealing that the geostrophic flow cannot 
drive upwelling or downwelling. The geostrophic current 
will flow with a constant velocity in a quasi-circular shape, 
called a cyclo-geostrophic current. Under normal condi-
tions, the pressure-gradient force affects the entire water 
column from the surface to the bottom (Lu and Huang 
2010). Therefore, in a homogenous ocean, a cyclo-geos-
trophic current will occur through the entire column regard-
less of water depth. Therefore, a pure geostrophic current 
caused by pressure-gradient force will not cause transport.

However, in reality, a typhoon cannot impact a depth 
exceeding the reference surface regardless of the in-situ 
observation or numerical model. Lu and Huang (2010) 
predicted that there are azimuthal cyclo-geostrophic cur-
rents between the top and bottom boundary layers, but this 
concept is highly idealized and has no evidence.
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Fig. 1  Sketch of the elevation and vertical velocity caused by typhoon
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2.2  Role of pressure gradient force in deep ocean

To construct our framework, we started from the basic 
foundation. For a moving typhoon, the analytical solu-
tion for the oceanic response is highly complex, and 
there is currently no analytical solution. For simplicity, 
the vertical water column can be decomposed into two 
parts: Ekman transport and cyclo-geostrophic current. 
We assume that there is only a cyclo-geostrophic current 
below the Ekman depth in a homogenous ocean induced 
by a typhoon. As previously determined, the pure geo-
strophic current cannot affect the vertical velocity, but 
there exists some underlying cause more than the bal-
ance between the Coriolis force and pressure gradient 
force. Specifically, we must consider the centripetal force 
maintaining the circular motion of the ocean water. The 
dimensional analysis of pressure gradient force and cen-
tripetal force are as follows:

In the surface, the dimension of v is 1 m/s, g is 10 m/s2, 
� is  103 kg/m3, H (water elevation) is 1 m, R (the radius of 
maximum wind) is  105 m, z is  103 m and Az (strong wind) 
is 0.1  m2/s. Then, the dimension of pressure gradient force 
is 1
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sion of v and H  would be 0.1 m/s and 0.1 m. Then, the 
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Therefore, the centripetal force should not be negligible, 
and it plays an important role, especially in the surface.

The origin of centripetal force is derived from the 
pressure-gradient force. Neglecting the other current 
and only considering the cyclo-geostrophic current, we 
can obtain the horizontal momentum equations in the 
surface layer:

Therefore, the balance of force in the radial direction is 
presented as follows:

where vr0 and v�0 are the radial and azimuthal velocities in 
the surface layer, respectively; p0 is the rest of the p sub-
tracted centripetal force; and r0 is the radius of maximum 
circular motion. Thus, the geostrophic current can be calcu-
lated using the following equation:
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for which the solution (the other root rejected) is as follows:

According to the surface current v�0 , we can obtain the 
centripetal force, allowing the geostrophic current v�1 in the 
deeper layer to be calculated according to p0 . Then, v�2 can 
be calculated using p1 , v�3 by p2 , and so on. Therefore, the 
surface layer pressure-gradient force is caused by p , the first 
deeper layer is caused by p0 , and the second by p1 , until 
pn = 0 . Thus, in the entire water column, v�i can be calcu-
lated as follows:

where n is the number of water column layers from surface 
to bottom, vri and v�i are the radial and azimuthal velocities 
in the i layer, respectively.

Therefore, different pressure gradient forces drive differ-
ent currents. In this state, the ocean water is not only oper-
ated by the Coriolis and pressure gradient forces but also 
by friction. Thus, the deeper layer ocean water horizontal 
momentum equations change as follows:

where u and v are the currents in the upper layer, and Az is 
the vertical eddy viscosity.

Note that these equations are similar to the bottom Ekman 
layer equations and are called the quasi-bottom Ekman layer. 
Their solutions that satisfy the boundary conditions ( u = u 
and v = v in the upper layer; u = v = 0 at the bottom) are 
presented as follows (Benoit and Beckers 2009):

where dB is the depth of quasi-bottom Ekman layer.
The variation of vertical velocity can be calculated as 

follows (the process is provided in the Appendix Eq. 37):
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where wb is the vertical velocity in the quasi-bottom Ekman 
layer.

Then, the solution (the process is provided in the Appen-
dix Eq. 38) with the boundary wb(z = 0) =0 can be calculated 
as follows:

It can be seen that when 0 < z < 𝜋dB , 𝜕wb∕𝜕z > 0 and 
wb > 0 . This indicates that the ocean water converges to ris-
ing and wb increases from z = 0 to z = �dB . Note that z = 0 
is not the actual ocean bottom but the depth of pi below �dB.

The transport attributed to the quasi-bottom layer flow in 
the i layer has components given by

Since this transport is not necessarily parallel to the inte-
rior flow, it is likely to have a nonzero divergence. Indeed

where p�i = pi − pi−1.
Then the vertical velocity in the interior can be evaluated 

by a vertical of the continuity equation, using w(z = 0) = 0 
and w(z = �d) = w:

Therefore, the vertical velocity Wi in the i layer is:

When n → ∞ , we can obtain the integration of W0 in the 
surface as follows
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In the cylinder coordinate system, the Wb in the entire 
water column is as follow(the process is provided in the 
Appendix 54):

On this basis, the motion state of the water in the ideal 
ocean and wind field can be calculated. Within the range of 
the maximum wind, downwelling in the surface is caused 
by the classical Ekman layer theory and upwelling is caused 
by the quasi-bottom Ekman. Specifically, ocean water con-
verges in an inward spiral in the deeper layer and diverges 
in the upper layer to form a water elevation field with low 
center and high surroundings. In turn, the pressure gradient 
force that is proportional to water elevation drives the cyclo-
geostrophic current. Because of the circular motion, part 
of the pressure gradient force is provided to the centripetal 
force. Therefore, the pressure gradient force decreases with 
increasing depth, which leads to different currents in the 
upper and deeper layers. Then, because of the occurrence of 
friction, which is similar to the bottom Ekman pump leading 
to upwelling, when the pressure gradient force disappears, 
the ocean water stops its dynamic behavior and upwelling 
does not occur, showed in Fig. 1.

2.3  Depth impacted by typhoon

According to the aforementioned analysis, to estimate the 
impacted depth, we must obtain certain variables, including 
p , f  , and r0 . Because their ranges are very large, a mag-
nitude scale is used, wherein wind stress is � = 5 N∕s2 , 
the maximum water elevation (from the maximum water 
elevation under the typhoon wind-current to the center 
of typhoon where the water elevation is the lowest) is � 
= 0.5 m, the Coriolis parameter is f = 4.96 × 10

−5 rad/s 
(approximately 20 ◦N ), �dT = 100 m, �dB = 100 m, r0 = 
50 km, �0 = 1.025 × 10

3 kg∕m3 , and gravitational accelera-
tion is g = 9.8 kg ⋅m∕s2 . According to this scale of the vari-
ables, the surface Ekman layer vertical velocity ws(Eq. 4) 
and quasi-bottom Ekman layer vertical velocity wb (Eq. 15) 
with v� = 1 m/s are shown in Fig. 2.

Then, we can estimate the azimuthal velocity v� (Eq. 11) 
in a homogenous ocean, as shown in Fig. 3.

According to Fig. 3, v� in the surface layer is approxi-
mately1.3 m/s, and decreases with increasing depth. Then, 
when the depth reaches 1.0 ×  104 m, v� is approximately 
0.3 m/s. Below this depth, v� reduces very slowly, allowing 
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it to extend to very deep water, and is approximately 
0.05 m/s at the depth of 5.0 ×  104 m.

In an actual ocean, density is not a constant, making it 
very complex. For simplicity, we assumed that the entire 
water column is raised by d′=100 m in the center of the 
typhoon but stays the same in the radius r0 , maintaining a 
linear variation between them. Thus, we can calculate the 
barocline. The initial density was observed in the Pacific 
at 127.525 ◦E and 20.456 ◦N in April 2009 (Fig. 4).

We let the depth of water rise d′=100 m to represent 
the impact of the typhoon. On this basis, the horizontal 
momentum equation changes as follows:

where pbarocline is the barocline caused by different densities.
The solution of v� is easy to obtain using this equation. 

Under this assumption, the vertical variation of v� is shown 
in Fig. 5.

In the real ocean, v� decreases faster than in the ideal-
ized ocean, becoming zero at a depth of approximately 

(22)1
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+

1

�
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�r
,

2200  m. Therefore, according to our assumption, a 
typhoon can influence ocean water below 2200 m. Fur-
thermore, if we neglect radial variation, which would 
make v� uniform, Wb can be calculated using Eq. (21), 
and the vertical velocity w = ws +Wb in the entire water 
column as shown in Fig. 6.

The results indicate that w decreases as it nears the 
surface. In particular, its maximum value is approxi-
mately 1.7 ×  10–3  m/s at the depth of approximately 
80 m, as determined by several parameters, including 
the quasi-bottom Ekman depth dB , azimuthal velocity 
v� , and so on.

2.4  Sensitivity experiments

In fact, the intensity and size of typhoons are varied and 
p0 will change with them, but the functional relation is 
very hard to get. For simplicity, we only consider � , d′ , r0 , 
in-situ density and keep the other variables the formers. 
We can estimate the maximum depth dmax impacted by 
the typhoon by determining where the vertical velocity w 

Fig. 2  Vertical velocities caused by Ekman transport. (a) ws the vertical velocity caused by surface Ekman transport; (b) wb the vertical velocity 
caused by the quasi-bottom Ekman transport
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approaches zero. Note that the depth of observation data 
in Fig. 4 is 4000 m, so we can only estimate w within the 
depth. When dmax is deeper than 4000 m, it is equal to 
4000 m.

If we let � = 0.5  m, 0 ≤ d′ ≤ 200  m, 10  km ≤ r0 ≤ 
100 km and then dmax is shown in Fig. 7.

If we let d′ = 100 m, 0 ≤ � ≤ 1 m, 10 km ≤ r0 ≤ 100 km 
and then dmax is shown in Fig. 8.

If we let r0 = 50 km, 0 ≤ � ≤ 1 m, 0 ≤ d′ ≤ 200 m, and 
then dmax is shown in Fig. 9.

These results when compared with the density dis-
tribution shown in Fig. 4 are interesting. Specifically, 
because of the small density variation, the maximum 
depth impacted by the typhoon is very sensitive to the 
water elevation below 1000 m, which is consistent with 
the results shown in Fig. 3, which displays a homogenous 
ocean. However, in reality, the water elevation and the 

depth of water rising are not ergodic, and thus the depth 
impacted by the typhoon could not reach the whole depth 
shown in Figs. 7, 8 and 9.

3  Results and discussion

According to the vertical velocity analysis of the entire 
water column, the pressure gradient force caused by sur-
face Ekman transport impacts deep ocean water by pro-
viding centripetal force and balancing with the barocline. 
Different currents driven by different pressure gradient 
forces produce friction that is consistent with the quasi-
bottom Ekman layer leading to upwelling. When the pres-
sure gradient force disappears, the ocean water loses this 

Fig. 3  Azimuthal velocity v� in a homogenous ocean

Fig. 4  In-situ Pacific observation data at 127.525 ◦E and 20.456 ◦N in 
April 2009
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dynamic relationship, and upwelling ceases. The depth 
impacted by a typhoon can reach greater than 1000 m 
and even more.

In this study, we only considered advection without any 
diffusion. There are two Ekman pumpings in ocean water, 
one in the surface layer caused by Ekman transport and the 
other exists in the entire water column which is caused by 
pressure gradient force (Fig. 10).

4  Conclusions

This study shows the analytical solutions on typhoon-
induced upwelling under idealized typhoon and ocean 
conditions, and simply divides the ocean into two parts, 
the Ekman layer and the lower layer. The analytical 
solutions are derived from the pressure gradient force, 
centripetal force, Coriolis force, and baroclinic pres-
sure-gradient force. Using the analytical solutions, we 

successfully calculate the maximum depth impacted by 
the idealized typhoon and ocean characterized by given 
parameters.

The pressure-gradient force, caused by typhoons and 
then offset by centripetal and baroclinic forces, is the 
original dynamic of upwelling in deep ocean water. While 
some of the assumptions in this study are substantial and 
the dynamic mechanism analysis of upwelling for a sta-
tionary typhoon is highly idealized, we evaluated several 
important variables, including water elevation, radius of 
maximum circular motion, depth of water column rising, 
and in-situ density. Because inertial pumping and entrain-
ment play important roles in the vertical turbulent mixing 
process, to estimate the depth impacted by typhoons, we 
used special values that have a strong link with vertical 
velocity and impacted depth. Further, when possible, we 
obtained in-situ ocean observation data. It could be a part 
of study to explain the results.

Fig. 5  Azimuthal velocity v� in the baroclinic ocean Fig. 6  Vertical velocity w caused by typhoon
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A moving typhoon creates a very complex dynamic pro-
cess. Thus, the circulation effects of a passing typhoon are 
of interest. Although the use of stationary Ekman theory 
in a homogenous ocean is far removed from the actual 

situation, this study provides a succinct description of deep 
ocean upwelling caused by a stationary typhoon. Never-
theless, more extensively detailed research on the dynamic 
mechanism of deep ocean water rising is ongoing.

Fig. 7  The maximum depth dmax 
impacted by the typhoon ( � = 
0.5 m)

Fig. 8  The maximum depth dmax 
impacted by the typhoon ( d′ = 
100 m)

Fig. 9  The maximum depth dmax 
impacted by the typhoon ( r0 = 
50 km)
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5  Data availability

The observation data used in this manuscript have been 
archived by the College of Ocean and Earth Sciences, Xia-
men University. The corresponding author can be contacted 
for information to access the archived data.

Appendix

The wind-stress � is anticlockwise associated with the 
wind field of the typhoon and we assume that � is axis 
symmetry and divergence free, i.e. ∇ ⋅ �=0, as shown in 
Fig. 11.

The Cartesian coordinate system ( x , y , z ) can be trans-
lated into a cylinder coordinate system ( r , � , z).

The magnitude of � is � and the direction is azimuthal, 
then:

and

(23)

⎧

⎪

⎨

⎪

⎩

r =
√

x2 + y2

� = arctan
y

x

z = z

(24)
{

�x = −� sin�

�y = � cos�
,

(25)
{

x = r cos�

y = r sin�
.

Fig. 10  Sketch of the upwelling 
caused by typhoon

Fig. 11  The idealized wind-stress and coordinate system translation
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Therefore,

According to the derivation chain rule, we can obtain:

Thus, the differential formulae of the surface vertical 
velocity is:
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If it is similar to the surface, we can obtain the differential 
formulae of the bottom Ekman layer using the following:

The solution of Eq. (14) can be calculated as follows:

The solution of Eq. (15) can be calculated as follows:

In the cylinder coordinate system, the W  in the entire 
water column is obtained as follow:

Using Eqs. (4)-(7), the equations are now
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Then, we obtain

The four terms on the right side of the equations (B-14) 
and (B-15) are as follows:

Therefore, we get

Along an isobar, the pressure is const, Thus
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Then, we obtain the Laplace operator of p in the cylinder 
coordinate system:

So, we get the vertical velocity caused by bottom Ekman 
at the role of p as follow:
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